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Foreword 


OLUME 68 of the Transactions of The American Society of Mechanical 

Engineers contains the individual papers published during 1946 under 
the sponsorship of the Society’s professional divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division, issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1946 
Society Records and Index. The technical papers and reports that make up 
this volume represent the Society’s annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
reports were presented at meetings of the Society and its professional divisions 
and sections and were published in monthly issues, eight being distributed 
as the Transactions of The American Society of Mechanical Engineers and 
four as the Journal of Applied Mechanics. Indexes to other A.S.M.E. papers 
and publications will be found on page RI-51 at the end of this volume. 

In view of the fact that the material of which this volume is composed was 
originally issued periodically as the Transactions, Journal of Applied Mechanics, 
and Society Records, three sets of page numbers will be found. Numbers 
without letter symbols are those of the eight issues of Transactions, those with 
letter symbol A preceding the number refer to the pages of the Journal of 
Applied Mechanics, which follow, and those with letter symbol RI to the 
Society Records and Index section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the year 
for the convenience of libraries and of engineers who wish all of the papers in 
permanent form. Copies of the bound Transactions will be found in deposi- 
tories located in selected engineering, university, and public libraries through- 
out the world. A complete list of these depositories will be found on pages 
RI-47 to RI-50 of the Society Records and Index. Copies of the Trans- 
actions have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1946, which form a part of these 
Transactions, are the permanent records of the Society’s activities for the 
year, including lists of committees. The Index provides a means of locating 
special A.S.M.E. publications and articles in Mechanical Engineering, as well as 
in the Transactions. 
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Rate of Temperature Change in 
Short-Length Round Timbers 


By J. D. MacLEAN,! MADISON, WIS. 


This paper discusses factors affecting the rate of tem- 
perature change in wood and includes time-temperature 
curves for use in determining the temperature obtained at 
different points in short-length log sections when heated 
in steam or hot water. One group of curves shows the 
temperature distribution from the ends to the mid-length 
and at different points between the circumference and 
axis, of logs 12, 24, 36, 48, and 60 in. in diameter. Other 
charts show the time-temperature distribution at various 
points between the circumference and axis at the mid- 
length of log sections of any diameter between 12 and 60 
in. Examples are given illustrating the procedure for 
using the charts in finding the temperature at a par- 
cular point, under different heating conditions. 


INTRODUCTION 


REEN logs of various species are often heated in steam or 
(; in hot water to condition them for veneer-cutting. These 

logs are relatively short, and the ratio of diameter to 
length is large in comparison with round timbers in the form of 
posts, poles, and piling. In timbers in which the ratio of di- 
ameter to length is small, the effect of longitudinal heating can 
extend only a limited distance, while the portion between the end 
regions is raised to any desired temperature. Because of the 
comparatively short length of veneer logs, however, it is necessary 
to consider the effect of heat transfer in the longitudinal as well 
as in the transverse direction. The relative amount of heating 
that takes place in these two directions depends upon a number of 
variables, such as cross-sectional dimensions, length, heating 
period, and temperature of the heating medium. 

The purpose of this paper is to discuss methods of finding the 
rate of temperature change in timbers of this kind. No attempt 
is made to discuss the temperatures needed for satisfactory re- 
sults in veneer-cutting, for some woods apparently require less 
heating than others. When the optimum temperature is known, 
however, the data presented provide a guide for selecting the 
required heating period for logs of different species and of different 
dimensions. The data also furnish a useful aid in studying the 
effect of different heating conditions on veneer-cutting opera- 
tions. 

A large amount of experimental work has been done at the 
Forest Products Laboratory to study the rate of temperature 
change in wood when heated in different mediums and to in- 
vestigate the effect of variables, such as species, moisture content, 
density, or specific gravity, and variation in the rate of heating 
in the radial, tangential, and longitudinal directions. A number 
of papers have been published which discuss the results of these 
experiments (1 through 10).? 


1 Engineer, Forest Products Laboratory, Forest Service, U. 8S. 
Department of Agriculture. (The Forest Products Laboratory is 
maintained in co-operation with the University of Wisconsin.) 

Contributed by the Wood Industries Division of THe AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


EFFrect OF VARIABLES ON RATE OF TEMPERATURE CHANGE 


Heating Medium. Experiments with different heating medi- 
ums show that for the same heating period and the same tempera- 
ture conditions, steam heats wood faster than water, and water 
heats faster than such liquids as preservative oils (6). In 
general, water heated wood about 5 to 10 per cent more slowly 
than steam. All of the liquids, however, heated the wood some- 
what faster than hot plates (6, 8). The slowest rate of heating 
was obtained in air at a low humidity, but the rate was increased 
as the humidity of the air was increased (10). 

Variation in the rate at which wood heats in different mediums 
is apparently caused by such variables as type of surface contact, 
rate of circulation when liquids and gases are used, specific heat of 
the heating substance, and heat of vaporization as in the case of 
steam. 

Differences in Moisture Content. Wood seasoned well below 30 
per cent moisture content, which is about the fiber saturation 
point, was found to heat more slowly than green wood. Results 
obtained in heating green wood nevertheless indicate that 
differences in moisture content above the fiber saturation point 
have no significant effect on the rate of heating in the range of 
temperatures commonly employed (4). For practical purposes, 
therefore, it may be assumed that green timbers of any given 
species will heat at about the same rate at any moisture content 
above the fiber saturation point. 

Direction of Grain. Studies made of the relative rate of heating 
in the radia] and tangential directions (at right angles and parallel 
to the rings, respectively) showed there was no important 
difference in the rate of temperature change for these two direc- 
tions, but the rate of heating in the longitudinal direction or 
along the fibers was found to be from 2!/, to 23/, times faster than 
in the transverse direction (2, 6, 7). For practical purposes it 
should be sufficiently accurate to assume that on the average 
the rate of temperature change longitudinally is about 2'/2‘times 
faster than it is across the grain or in a plane at right angles to 
the axis of the tree. This ratio has been used in the calculation 
of temperature data that will be discussed later. 

Density or Specific Gravity and Species. Experiments on speci- 
mens of the same species and on those of different species having 
different specific gravities showed that with any given heating 
medium, the rate of heating varied inversely with the specific 
gravity (6). The rate of temperature change is apparently in- 
fluenced by the density of the wood rather than by the species, 
which affects the results merely to the extent that different species 
may vary in density. 

The specific gravity of wood is usually based upon the volume 
at current moisture content and weight when oven-dry. 

Table 1 shows the average specific-gravity values for various 
species of hardwoods and softwoods. These values are based 
upon volume when green and weight when oven-dry and are 
convenient to use when employing the time-temperature curves 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 1 AVERAGE SPECIFIC GRAVITY OF VARIOUS SPECIES 
OF SOFTWOODS AND HARDWOODS 
Average specific gravity 
Species (based on volume when 
green, and weight when 
oven-dry) 
Hardwoods: 
Ash, white (Fraxinus americana). peaotane 0.55 
Aspen, bigtooth (Populus grandidentata) 0.35 
Basswood, American (Tilia 0.32 
Beech, American (Fagus grandifolia).. 0.56 
Birch, yellow (Betula lutea)................56- 0.55 
Cc hestnut, American (Castanea dentata)......... 0.40 
Elm, American (Ulmus americana)............. 0.46 
Elm, rock (Ulmus thomasii)................... 0.57 
Hickory, mockernut (Hicoria 0.64 
Maple, silver (Acer saccharinum)...........-...- 0.44 
Maple, sugar (Acer saccharum)..............-. 0.56 
Oak, red (commercial) (Quercus sp.). asim 0.56 
Oak, white (commercial) (Quercus sp. x. Cie 0.59 
Sweetgum (Liquidambar styraciflua).. 0.44 
Sycamore, American (Platanus oceident alis) 0.46 
Tupelo, black (Nyssa sylvatica)............... 0.46 
Tupelo, water (Nyssa aquatica).. 0.46 
Walnut, black (Juglans nigra).. 0.51 
Yellow poplar (Liriodendron tulipifera) . 0.38 
Softwoods: 
Baldcypress (Taxodium distichum)............. 0.42 
Douglas fir, coast (Pseudotsuga taxifolia)........ 0.45 
Douglas fir, Rocky Mountain (Pseudotsuga taxi- 


Hemlock, Eastern (Tsuga canadensis) .. 
Hemlock, Western (Tsuga Ma). 
Larch, Western (Larix occidentalis). . 
Pine, Eastern white (Pinus aneaeed 
Pine, jack (Pinus banksiana). 
Pine, longleaf (Pinus palustris)................. 
Pine, ponderosa (Pinus ponderosa)............. 
Pine, shore (Pinus 
Pine, shortleaf (Pinus echinata)................ 
Pine, slash (Pinus caribaea) .. 

Pine, sugar (Pinus lambertiana) . . 

Pine, Western white (Pinus monticola) .. 

Red cedar, Eastern (Juniperus virginiana) .. 

Red cedar, Western (Thuja plicata) 
Redwood (Sequoia sempervirens)............... 
Spruce, (Picea engelmanni) 
Spruce, Sitka (Picea =. 
Spruce, white (Picea glauca). . 
White-cedar, Northern (Thuja occidentalis) 


2 Data for other species can be found i in “‘Strength and Related Properties 
— — in the United States,” U.S. Dept. of Agriculture, technical 
etin 


shown in the figures. The method of using the data on density, 
or specific gravity, is discussed in the following section. 


CoMPUTATION OF TEMPERATURE 


The rate of temperature change in any solid depends upon the 
diffusivity which, like conductivity, may be considered a constant 
for normal ranges of temperature. This factor is a measure of the 
rate of temperature change and may be defined as the change in 
temperature produced in a unit volume of the substance by the 
quantity of heat that passes in unit time through unit area of a 
layer of unit thickness and having unit difference of temperature 
between the faces. If the diffusivity is represented by the symbol 
h?, the specific heat by c, the density by p, and the conductivity 
by K, the relation of these variables is shown by the algebraic 


K 
expression, h? = =f Thus the diffusivity varies inversely as the 


product of specific heat and density, and directly as the conduc- 
tivity. 

Fig. 1 shows the relation of diffusivity and the specific gravity 
of wood determined from tests made on green material heated in 
steam. As previously mentioned, water was found to heat a 
little more slowly than steam, and for the purpose of calculation 
it should be satisfactory to assume that the rate of heating in 
water is about 90 per cent as fast asin steam. On this basis the 
dotted line in Fig. 1 represents the relation of diffusivity and 
specific gravity for green wood heated in water. If, for example, 
green wood having a specific gravity of about 0.5 were heated in 


steam, the diffusivity would be determined from Fig. 1 as about . 
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0.000302, while the corresponding diffusivity for heating in water 
would: be about 0.000272. These diffusivity factors are in inch- 
second units. 

Since the rate of temperature change depends to a certain ex- 
tent upon the method of heating, the diffusivity values deter- 
mined from experimental tests may be considered as values 
which apply for the heating medium used. 

Wood is a substance that is naturally more or less variable in 
structure; hence temperature calculations cannot be made with 
the same precision that would be possible if it were a homogeneous 
material or a substance having the same physical properties in all 
directions. Nevertheless, the calculated temperature values, 
which are based upon average results from experimental tests, 
are sufficiently accurate for practical purposes, and whatever 
differences there may be between the computed temperatures 
and those actually obtained in a given timber will be small pro- 
vided care is taken to maintain the heating conditions assumed. 

In the early part of the heating period a variable amount of 
time is usually needed to bring the heating medium to the desired 
maximum temperature. A gradual change in the surface tem- 
perature is therefore obtained during this period, while the 
temperature calculations are necessarily based upon the assump- 
tion that the surfaces of the timbers are maintained at a constant 
temperature from the time the heating period is started. 

If the temperature rise is fairly uniform, a convenient way to 
make an adjustment for the lower average temperature to which 
the wood is exposed during the early period of heating is to 
assume that the full temperature is applied for one half of this 
period. For example, if 2 hr were taken to bring the heating 
medium to the maximum temperature, the 2-hr period would be 
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counted as 1 hr at the maximum temperature. While this is an 
approximate method of adjusting for the period of variable 
temperature, it is generally satisfactory for moderate periods of 
changing surface temperature when the rate of temperature rise 
of the heating medium is reasonably uniform. A consideration 
of this lower average temperature at the beginning of the heating 
period naturally becomes of less importance as the total time of 
heating is increased. When the heating conditions are not con- 
trolled so that they are approximately uniform over most of the 
heating period, individual judgment must be exercised in deter- 
mining the total time the timbers should be heated to compensate 
for the variable conditions. 


Facrors INVOLVED IN TEMPERATURE CALCULATIONS 


Equation [4] in the Appendix was derived for computing the 
temperature data shown in Figs. 4 to 16, inclusive. Definitions 
of the symbols used and a brief outline of the development of this 
equation are also given in the Appendix. 

An examination shows that the following factors are included 
in the fundamental equation: 


1 Initial wood temperature = Uo 
Temperature of heating medium = U, 
3 Diffusivity factor for radial heating = h? 
4 Diffusivity factor for longitudinal heating = q? 
5 Heating period = T (sec) 
6 Radius of timber = a (in.) 
7 Length of timber = L (in.) 
8 Distance from nearest end surface, of point at which 
temperature is to be computed = Z (in.) 
9 Distance from axis, of point at which temperature is to be 
computed = r (in.) 
10 Temperature at the point (r, Z) under consideration = U 


Fig. 2 shows the distance from the end surface and the distance 
from the circumference at which temperatures were computed 
for plotting the time-temperature curves. Fig. 3 is a chart for 
finding the corresponding wood temperatures when the heating 
conditions are different from those assumed in computing the 
temperature data plotted. 

In the preparation of the time-temperature curves shown in 
Figs. 4 to 16, inclusive, the initial wood temperature U, was 
taken as 70 F, the heating-medium temperature U, as 212 F, the 
diffusivity factor for radial heating h? as 0.000270 (in-sec), and 
the diffusivity factor g? for longitudinal heating as about 2.5 
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times h?, in round figures 0.000680, making the ratio slightly over 
2.5, or about 2.52. It may be noted in Fig. 1 that the diffusivity 
factor of 0.000270 corresponds to about that for green wood hav- 
ing a specific gravity of 0.5, when heated in water. 
Since the diffusivity for the longitudinal di- 

rection q? is taken as 2.52h?, the exponential 

function 


x%q?m? 
(ane + 
in the general Equation [3] can be written in 
| 2.5242m?2 
(an? + 
: i and a similar substitution can be made for q? 
; in the terms of Equation [4] (Appendix). A 
x change in the diffusivity factor for radial heat- 


ing will therefore represent a proportional 
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change in the longitudinal diffusivity factor q?. 

Although the temperature curves given in 
the various charts were computed by assuming 
the particular diffusivities and temperature con- 
ditions cited, these curves may be used for any 
predetermined conditions of temperature and 
for any species having diffusivities different 
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LENGTH 4- FEET, 
HEATING PERIOD 


HEAT/NG PERIOD 


DIAMETER 36-/NCHES 
HEATING PERIOD 
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from those assumed. The method of doing this is explained in 
the Appendix under the heading, ‘‘Method of Using the Fig- 
ures When the Diffusivity, Heating Conditions, or Both Are 
Different From Those Assumed in Computing the Time-Tem- 
perature Curves.’”’ Examples illustrating the use of the curves 
under different conditions will be given later. 


Data PLOTTED IN TEMPERATURE CURVES 


The temperature curves comprise three groups in which the 
initial wood temperature was taken as 70 F and the heating- 
medium temperature as 212 F. 

Group 1. Figs. 4 to 11, inclusive, show the computed tempera- 
ture distribution from the end to the mid-length of logs 4 and 8 ft 
long and having diameters of 1, 2, 3, 4, and 5 ft. Each set of 


curves is for a different heating period, in most cases varying in 
intervals of 5 to 10 hr, depending upon the diameter. 

Five temperature curves showing the temperature at the 
different distances from the circumference shown in Fig. 2 are 
given for each heating period. The top curve in Figs. 4 to 11, 
inclusive, shows the temperature in the zone or isothermal] region 


at a distance from the circumference equal to '/1) (a) where ais 
the radius. The second, third, fourth, and fifth curves from the 
top show the corresponding temperatures in the zones that are 
at distances of '/, (a), '/2 (a), */s (a), and a, respectively, from the 
circumference. In other words, if a is the radius of the log and r 
is the distance from the center or axis to the isothermal region at 
which the temperature is computed, then (a — r) is the distance 
from the surface to the point at whith the temperature is given. 


“—*) is therefore equal to 0.10, 0.25, 0.50, 0.60, 


The ratio ( 


and 1.0 for the curves shown. In the last case, r = 0; hence 
the curve for this distance from the circumference shows the 
temperature variation along the axis from the end to the mid- 
length of the timber. The distance from the circumference to the 
point on the radius at which the temperature is computed is 


evidently equal to the numerical value of —— multiplied by 


the radius. For example, if the radius is 12 in. and (=) - 
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LENGTH 6-FEET, DIAMETER 48-/NCHES 


HEATING PERIOD HEATING PERIOD 
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0.10, the distance from the surface is 12(0.10) or 1.2 in. The 
curves are shown for only one half the length since the rate of 
temperature change is assumed to be the same from either end. 
Group 2. Figs. 12 to 14, inclusive, show the computed tem- 
perature distribution for various heating periods at all distances 
from the circumference to the center at the transverse mid-section 
of logs 4 and 8 ft long, for diameters of 1, 2, 3,4,and5ft. Similar 
curves could be prepared fora transverse section at any distance 
from the end surface by plotting the temperature data from the 
curves shown in group 1 as was done in preparing the curves in 
group 2. The temperature at the transverse mid-section, how- 
ever, is generally of most interest, since the lowest temperatures 
are obtained in this region. The curves given in group 2 (Figs. 12 


to 14, inclusive) show the temperatures obtained at the end of 5- 
to 10-hr heating periods, except for particularly long heating 
periods or when the rate of temperature change was very slow. 
Under conditions in which this rate was unusually slow, somewhat 
longer time differences were used. 

The time required to obtain a given temperature (which is 
found between any two time-temperature curves) can be deter- 


mined with sufficient accuracy for practical purposes from the 
proportional distance on the vertical line intersecting the two 
curves between which the temperature is found. This assumes 
that the change in temperature between any two time-tempera- 
ture curves is directly proportional to the time heat is applied 
during this time interval. For example, assume the required 
temperature is 170 F at 8 in. from the surface of a log 36 in. diam 
and 8 ft long. In this case(* ") = or approximately 0.45. 


The vertical line from 0.45, Fig. 13B, intersects the horizontal 
line from 170 F at a point between the temperature curves for 
heating periods of 60 and 70 hr. The temperature after heating 
for 60 hr is 164 F, and that after heating for 70 hr is about 173 F, 
or an increase of 9 deg in 10 hr. When the proportional change 
in temperature is assumed to be the same as the proportional 

. . 170— 164 
change in time of heating the temperature ratio is 173 — 164 = 
6/, or 2/3. Since the time interval is 10 hr, the time is found from 
the relation, 2:3 = 2:10 and z (the time that is required to in- 
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crease the temperature from 164 F to 170 F) is (?/3) 10 or 6 ?/s hr. 
The total time necessary to reach a temperature of 170 F is then 
60 + 6.7 = 66.7 hr. 

The same method would be used in finding the corresponding 
temperature when the heating period is known. If, for example, 
the heating period is 23.5 hr, and it is desired to find from Fig. 
12D the temperature obtained at a point in the log half way 
between the axis and circumference, the figure shows that after 
20 hr heating the temperature is 142 F, and after 30 hr heating 
it is 164 F, or an increase of 22 deg in 10 hr. The temperature 
increase above 142 F is then computed by the proportion (23.5 — 
20):10 = 2:22, from which it is found that the temperature 


3.5 
change z = (22) 22 = 7.7 deg F. The temperature obtained 


10 
after heating for 23.5 hr is then obtained by adding 7.7 deg to 142 
F and is approximately 150 F. 

If desired, the temperatures can be plotted against heating 
periods for any particular point in the timber, as for example at 
the center. Such curves would furnish a convenient method for 
reading directly the temperature obtained in a given time, or the - 
corresponding heating period required to reach a definite tem- 
perature. 

Group 3. In order to obtain curves that would show the 
temperature at various distances from the circumference at the 
mid-length of logs of any diameter between 12 and 60 in., data 
used in plotting the curves in group 2 were also used in preparing 
the curves shown in Figs. 15 and 16. Each curve in Figs. 15 and 
16 was prepared by plotting the temperatures for each heating 
period for the logs of different diameters. Curves were then 
drawn through these plotted points for the same heating period. 
For heating periods over 50 hr, data were plotted only for timbers 
36 in. or more in diameter. 

Temperatures plotted in group 3, Figs. 15 and 16, are for 
points at distances from the circumferential surface of 1/4, 1/2, and 


a—r. 
3/,the radius, and for the center or where ———- = 1. When the 
a 


required heating period or temperature is found between two 
time-temperature curves, the heating period or temperature can 
be found by using the proportional relation as explained for the 
curves in group 2. 

The data show that it is not feasible to heat the large-diameter 
timbers at a considerable distance from the surface because of the 
extremely long heating periods required. For example, under the 
conditions assumed in making the temperature computations, 
Fig. 15B shows that if a temperature of 150 F is desired at a dis- 
tance of 12 in. from the circumference of a log 4 ft diam, the heat- 
ing period would be nearly 58 hr or 2.4 days. In such cases it 
would probably be better to heat to the minimum required tem- 
perature at a shorter distance from the circumference. After 
cutting to this depth the log could be reheated and with the re- 
duced diameter the rate of heating would be much faster. This 
procedure would also avoid overheating the wood near the surface 
and at the ends. 

The temperature curves shown in group 3 will be particularly 
useful for general purposes, since they show the relation of tem- 
perature and heating period for all diameters between 12 and 60 
in. If it is desired to find the temperature at distances from the 


—" = 0.25, 0.50, 


a 
circumference that are intermediate between 


0.75, and 1.0, which are the distances shown in this group of 
curves, the data for any distance required may be found in the 
figures for group 2. These temperatures can then be plotted 
for the different diameter timbers as was done in preparing the 
curves for group 3. Temperatures for these four points can also 
be plotted against the proportional distance from the surface (as 
in Figs. 12 to 14, inclusive) for any diameter and any heating 
period. Smooth curves drawn through these plotted points will 
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then show the approximate temperature for all distances from the 
surface to the center or axis of the timber. 

Method of Using Fig. 3. Fig. 3 is a chart that furnishes a con- 
venient method for finding the corresponding wood temperature 
when the heating conditions are different from those assumed in 
computing the temperature curves shown in the different groups. 

The initial wood temperature U, and the temperature U, 
obtained in the wood after any given heating period are read on 
the left vertical scale, while the heating-medium temperature U, 
is read on the right vertical scale. Values of U, the corresponding 
computed wood temperatures found from the figures, are given 
on the bottom scale. 

In using Fig. 3, it is merely necessary to place a straightedge 
connecting the initial wood temperature U, on the left scale with 
the heating-medium temperature U, on the right scale. This is 
illustrated by the line connecting the initial wood temperature 
U, = 50 F on the left scale with the heating temperature U, = 
180 F on the right scale. Assume, for example, that with the 
foregoing temperature conditions it is desired to find the corre- 
sponding computed temperature U (see Appendix for definition of 


symbols) at a point in the timber when the required temperature 
U,is 148 F. This is found as follows: 

Pass horizontally from 148 F on the left scale to the point of 
intersection with the line joining 50 and 180 F. Directly below 
this point of intersection U is found on the horizontal scale to be 
177 F. The procedure is shown by the dotted line from 148 F. 
Again, let it be assumed that data from one of the charts shows 
that a temperature U of 133 F is obtained after heating for a 
period of 7 hr, and it is desired to find the temperature U, that 
would be obtained at the same point, in the same time, and in the 
same timber when the initial wood temperature U, is 50 F and 
the heating-medium temperature U, is 180 F, instead of 70 and 
212 F, the temperatures assumed in computing the data used in 
plotting the curves. 

The temperature U, is found in this case by passing vertically 
from U = 133 F on the horizontal seale to the line connecting 50 
and 180 F. Directly across on the left scale U, is found to be 
108 F. These steps are shown in Fig. 3 by a dotted line connect- 
ing the temperature U = 133 F, and = 108 F. This, is sim- 
ply reversing the procedure for finding Uwhen U; is known. 
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Fig. 3 is convenient to use in finding how the wood tempera- 
tures vary when different heating conditions are employed. For 
example, in the illustrations given, heating under the lower 
temperatures assumed for U, and U, the wood temperature will 
be (177 — 148) or 29 deg F lower at the point under consideration, 
than if the initial wood temperature had been 70 F, and the heat~ 
ing-medium temperature had been 212 F, which were the tem- 
peratures assumed in computing the curves. Similarly when any 
point is at a temperature U of 133 F (with the temperature con- 
ditions assumed in computing the curves), when heating under the 
lower temperature with U, = 50 F and U, = 180 F, the same 
point would be at a temperature of 108 F or 25 deg F lower. 
This chart can be used for finding either U, or U instead of com- 
puting these temperatures from Equations [B,] and [C;] in the 
Appendix. 

In general, problems relating to temperature changes will be 
either: 

1 To find the time 7, required to obtain a specified tempera- 
ture U, at some particular point in a timber; or 

2 To determine the temperature U, that will be obtained 


1/3, AND 3/4 RapIUS AND AT CENTER Or Loas 8 Fr Lone 


when the time 7, and temperature U are known. In any prob- 
lem the following variables are involved: Variables found by 
means of the temperature charts are U and 7’, and variables 
relating to the timber in question are U,, U,, Uz, and 7. The 
relation between 7’ and 7’, is shown by Equation [A] (Appendix), 
which is T,h,? = 7(0.00027) 

When U,, U,, and U; are assumed, U is found from Equation 
[C,] (Appendix) or from Fig. 3. The corresponding time T 
required to obtain the temperature U can then be found from the 
proper chart, and the time 7’, can be determined from Equation 
[A]. 

When 7’,, U,, and U, are given, T' is found from Equation [A], 
and the corresponding temperature U can be found from the 
proper chart. The temperature U, can then be determined by 
means of Equation [B,] (Appendix) or from Fig. 3. 

Examp.Les SHowinG How Cuarrs Are Usep® 
Diameter of log = 22 in.; 


Example 1. Data are as follows: 


3 Refer to Appendix for definitions of symbols used. 
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length of log = 8 ft; species, yellow birch; heating medium, 
water; water temperature during heating period = 180 F = U,; 
and initial wood temperature = 50 F = U,. 

Required to find the heating period (7',) needed to obtain a 
temperature of 140 F (U,) halfway between the circumference 


1 


- 
and center at the mid-length. In this case ——— = 3 There- 
a 


fore, fora log of this diameter, the distance from the surface = 
(11) = 5.5in. 

From Table 1 the average specific gravity of yellow birch 
(based on weight when oven-dry and volume when green) is 
found to be 0.55, and the diffusivity h,? found in Fig. 1 for this 
specific gravity is about 0.000249 when the heating medium is 
water. In this example U,, U,, and U; are given, while U, T, 
and 7’, are to be determined. 

The first step is to find U, using Equation [C,] (Appendix), or 
Fig. 3. From Equation [C,] 


. (180 — 140)(142) 
U = 213—| | = 16 
| (180 — 50) | 168 F 


This can be found readily from Fig. 3 by placing a straightedge 
connecting 50 F on the left scale with 180 F on the right scale, as 
shown by the straight line on this figure. Passing horizontally 
from 140 F on the left scale to this line the temperature U is 
found directly below on the lower scale to be 168 F, which is the 
temperature found by using Equation [C;]. 

The second step is to find from Fig. 16(B) the time 7 required 
to reach a temperature of 168 F in a timber 22 in. diam and 8 ft 
long. Passing from 168 F in Fig. 16(B) to a point directly over 
the diameter of 22 in. shown on the abscissa, it is found that 
this point is between the curves for heating periods of 20 and 30 
hr. The temperature after heating for 20 hr is found to be 153 F, 
and after heating for 30 hr is 174 F, or a temperature difference of 
21 deg F. The proportion of the vertical distance between the 
two curves for the temperature of 168 F is then computed as 
168— 153 15 


= — ;and since the time interval is 10 hr, the time T is 
174— 15321 


15 
computed as [20 + = ao) | or about, 27.1 hr. 


This is the time that would be required if the diffusivity were 
the same as that assumed in computing the temperature curves; 
but since the diffusivity for yellow birch was found to be about 
0.000249, the time 7’, must be computed from the relation shown 
by Equation [A] (Appendix) that gives 


T (0.00027) 
0.000249 


or 29.4 hr, which is the time to be determined. 

If steam at 212 F were used as the heating medium, the diffu- 
sivity as indicated in Fig. 1, would be about 0.000276. With 
U, = 50 F, U, = 212 F, and the required temperature U; = 140 
F, the corresponding temperature U is determined from Equation 
(C,] (Appendix) or from Fig. 3 to be 149 F. From Fig. 16(B), the 
time 7’ required to reach a temperature of 149 F in a log 22 in. 
diam is found to be about 19 hr, and the required heating period 

is = 18.6 hr 

0.000276 

Example 2. With the same data as given for example 1 find 
the temperature that would be obtained at'/, thedistance from the 
circumference to the center when the heating period 7’, is 25 hr. 


a r ‘ 
In this example, ——— = '/,,and the distance from the circumfer- 
a 


ence = 1/,(11) = 23/, in. instead of 5'/2in.asinexamplel. In 
this example U’,, U’,, and T,, are given, and 7’, U, and U, are to be 
found. 

First, find 7 from Equation [A] (Appendix). In this case 


T,(h.2)  25(0.0002 
= 23 hr, approximately 


T 
Next, find U for this heating period. From Fig. 16(A) the 
temperature U is found to be about 185 F, after heating for 23 hr. 
Then find the temperature U, from Equation [B,] (Appendix), 
or from Fig. 3. 
Using Equation [B,] 


which is the temperature to be determined. This temperature 
U, can also be found from Fig. 3 by placing a straightedge on 50 
F on the left scale and on 180 F, right scale. Reading up from 
185 F on the bottom scale to the line connecting 50 F and 180 F, 
and directly across to the left scale, the temperature U, is found 
to be about 155 F as computed from Equation [B,] (Appendix). 

If steam at 212 F were used as the heating medium the diffu- 
sivity would be 0.000276 (as found for example 1), and T would be 
25(0.000276) 
— w= 25.6 hr. 

0.00027 
period is found from Fig. 16(A) to be about 188 F. When U, = 
50 F, and U, = 212 F, the corresponding temperature U, is found 
from Equation [B;], or from Fig. 3, to be about 185 F. 

Example 3. Data are as follows: Diameter of log = 48 in.; 
length of log = 8 ft; species, Coast Douglas fir; heating medium, 
water; water temperature during heating period = 190 F = U,; 
and initial wood temperature = 60 F = U,. 

Required to find the temperature U, obtained at a distance of 
15 in. (Z) from the end surface and at a distance from the cireum- 
ference equal to '/, the radius when the log section has been heated 


The temperature U for this heating 


a—r 
for 30 hr (7). In this example ———- =!/, ; hence the distance 
a 


from the circumference =!/, of 24 or6in. Inthisexample U,, U,, 
and 7, are given, and 7, U, and U, are to be determined. 

From Table 1 the average specific gravity of green Coast 
Douglas fir is found to be 0.45, and from Fig. 1 the corresponding 
diffusivity for heating in water is found to be about 0.000293 = 
h,?. 

The first step is to find the heating period T using Equation 
[A] (Appendix) 


_ _ 30(0.000293) 


on = = 32.6 hr 
0.00027 0.00027 


Because of the higher diffusivity of the Douglas fir, in comparison 
with the diffusivity of 0.00027 used in computing the temperature 
(0.000293 — 0.00027) 100 = 8.5 per 
0.00027 

cent faster, and the temperature attained in 30 hr at the point 
under consideration would be the same (for the same heating 
conditions) as that reached after 32.6 hr heating when the wood 
has a diffusivity of 0.00027. 
The second step is to find the temperature U in Fig. 9. From 


this figure the temperature U is found to be 155 F | for Z = 15 in. 
leat i) after a heating period of 30 hr, and to be 169 F 
a 


when the heating period is 40 hr. After 30 hr heating, the 
temperature at the point given would then be computed as 


curves, the Douglas fir heats 


and 
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32.6 — 30 
E + (#9—) (169 — 55) = 159 F approximately 


This is the temperature U, or the temperature that would be 
obtained if U, = Uy = 70 Fand U, = U;, = 212 F; but since U, 
is assumed as 60 F, and U, as 190 F, U, is determined by using 
Equation [B,] (Appendix), or from Fig. 3, and is found to be 
about 141 F which is the temperature to be determined. 

This is similar to example 2, except that the point under con- 
sideration is between the end surface and the transverse mid- 
section, and the data are obtained from temperature curves 
shown in group 1. 

Example 4. With the data given in example 3 find the heating 
period 7» required to obtain a temperature of U, = 160 F for the 
same point in the log. In this example U,, U,, and U, are given, 
and U, T, and T, are to be determined. 

The first step is to find the corresponding temperature U when 
U, = 60F, U, = 190 F, and U, = 160 F. From Equation [C;] 
(Appendix), or from Fig. 3, U is found to be about 179 F. 

Fig. 9 shows that when the distance from the end = 15 in. 


and the distance from the circumference (a— 7) = 6 in. or !/4 the - 


radius, the temperature of 179 F is between the temperature 
curves for heating periods of 50 and 60 hr. After heating for 50 
hr, the temperature is 177.5 F, and after heating for 60 hr, it is 
about 184 F. The heating period required to reach 179 F would 
then be computed as 


179 — 177.5 
5 = 52. 
10 + so | 52.3 hr 


Since this is the time 7’ required when the diffusivity is 0.00027 
the time 7) is as follows 


52.3(0.00027) 


= = 48.2 hr 
0.000293 

This is similar to example 1 except that the point at which the 

temperature is to be determined is between the end surface and 


transverse mid-section. 
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oF CompuTING TEMPERATURES IN Rounp TIMBERS OF 
Suort LenctH WuHerE Enp HEATING AS WELL As HEATING IN 
THE RapraL Direction Must Bre TAKEN INTO CoNsIDERATION 


In order to derive an equation for computing the temperature 
U at any point r inches from the axis and Z inches from one of the 
end surfaces, it is necessary to solve the following partial differ- 


ential equation 

feu 1 

sr? br | +¢ 

In this equation h? is the diffusivity factor for heating in the radia] 

direction and q? is the diffusivity factor for heating in the longi- 

tudinal direction. 

Equation [1] must be solved, subject to the following boundary 
conditions: Let @ = (U — U,), where U, is the temperature of 
the heating medium and U is the temperature at the point under 4 
consideration at any time 7’. : 

Let Uy = initial wood temperature; a@ = average radius of log, 
and L = length in inches. 

Ife = (U— U,), U = Up and é = — U;) when T = 0 


6 = Owhenr =a 
Z=0;( and T>0 3 
6 = f(r,Z) when T = 0 


Substituting 6 in Equation [1] 


A solution of differential Equation [la] to meet the boundary 
conditions gives 


m= n= 
292m? 
(a1? + mrZ 
= > Am,ne ( Lt Jo(d,7r). [2] 


. [la] 


m=1 n=1 
where 


a L 
. mrp 
~ }? f(r,u)Jo(d,7) sin d 


When f(r,x) is a constant and equal to (U’) — U,), as in this case 


d Jo(d,7) sin d 


* (+) 


= Ss. when m is odd, and = 0 when mis even 


Am,n 


Substituting the value 


— U;) 
mm (A,,@) 


P 
Se 
| 
par 
. 
“a 
AZ 
: 
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for Am,n and the temperature difference (U — U,) for ¢, Equation 
[2] may be written 


m=o n=@ 


1 


m=1 n=l 


mrZ —T + * 
sin Jo(A,r)e ( 


U — Ui 8(Uo U;) 


. [3] 


In the foregoing equations 7’ is the time in seconds, Jo(Aar) and 
J;(Ana) are Bessel functions of the zeroth and first order, respec- 


tively, and (A,r) = x in Jo(xz) and J,(z).4 Term \X,, is a root of , 


Jo(\,@) = Oand eis the base of the Napierian logarithms. 
Writing the first few terms of Equation [3] 
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The number of terms that must be used in making temperature 
calculations will depend to a considerable extent upon the value 
of the negative exponent of the Napierian log base e. Since this 
exponent involves the time T and the dimensions of the timber (as 
well as the diffusivity factors h? and q?), the series converges more 
rapidly as the time 7’ incréases, and as the diameter and length of 
the timber decrease, since the values of \ vary inversely with the 
radius, and the second term of the negative exponent varies in- 
versely as the square of the length L. 


‘ Tables of Bessel’s functions for different values of x and roots of 
J,(z)=0 are given in “Smithsonian Physical Tables,’’ Smithsonian 
Institute, Washington, D. C., and in “Fourier Series and Spherical 
eo ” by W. E. By erly, Ginn and Co., 1893, New York, 


Mertuop oF Usinc Figures WHEN Dtrrusiviry, HEATING 
Conpitio0ns, oR Boru, ARE DirFERENT From THOSE ASSUMED IN 
CoMPUTING THE TIME-TEMPERATURE CURVES 


Equation [A] which follows, shows the relation of time and 
diffusivity, and Equations [B] and [C] show the method of finding 
the corresponding wood temperatures when the heating condi- 
tions are different from those assumed in computing the data for 
the temperature curves shown in the figures. 

Symbols applying to computed data in figures are as follows: 


Uo = initial wood temperature, assumed as 70 F 
U, = heating-medium temperature, assumed as 212 F 
h? = diffusivity in radial direction = 0.00027 sq in. per sec 
ms = diffusivity in longitudinal direction = 2.52(h?) = 0.00068 
= temperature obtained in given time T at some particular 
distance from surface. Values of U are temperatures 
within wood at distance from surface shown by figure 
T = time of heating (in hours) necessary to obtain tempera- 
ture U. This period is found from figure for diameter 
and length under consideration 


~ 


Symbols, applying to temperature computations when the 
diffusivity, heating conditions, or both, are different from those 
used in computing the data plotted in the figures, are as follows: 


U, = any initial wood temperature 
U,, = any heating-medium temperature 
h,? = any value of diffusivity for transverse direction, sq in. 


per sec 

Since the diffusivity in the longitudinal direction (q*) is taken as 
approximately 2'/2 times the diffusivity in the transverse direc- 
tion for the calculated temperatures, only values of h,? need to be 
considered. 


U’, = temperature obtained at definite point in timber when 
initial wood temperature U,, heating temperature U», 
or both, are different from Up = 70 F, and U,; = 212 F, 
the initial wood and heating-medium temperatures 
assumed in computing curves shown in figure 

T, = time of heating (in hours) required to obtain temperature 
U, when either diffusivity h,?, initial wood tempera- 
ture U,, the heating-medium temperature U,, or all 
three variables are different from corresponding values 
used in computing data for curves 


Relation of Heating Period and Diffusivity. The relation of the 
heating period 7 and the heating period 7, is shown by the 
equation 


In this equation 7’, is the heating period assumed or to be 
determined when the wood has a diffusivity h,?, and T is the heat- 
ing period found from the figure fer the timber in question. 
Values of h,? for green wood of any given specific gravity can be 
found in Fig. 1, when either water or steam is used as the heating 
medium. Specific-gravity values for different woods, based on 
weight when oven-dry and volume when green, are given in 
Table 1 

Relation of Initial Wood Temperature, Heating-Medium Tem- 
perature, and Temperatures Obtained in Wood. A simple propor- 
tional relation exists between the temperatures obtained under 
any given heating conditions. For example, the relation of the 
temperatures obtained when the initial wood temperature U,, 
the heating-medium temperature U,, or both, are different from 
those assumed in making temperature computations are ex- 
pressed by the equation 


(U,—U,) _ 
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When U,, U,, and U are known it is necessary to determine U,, 
the wood temperature obtained when U,, U,, or both are different 
from Ujand U;. Solving for U, in terms of U,, U,, Ui, Uo, and U 


gives 
=U, | (U, — Us | (B] 


When U,, U,, and U, are known it is necessary to solve for U to 
find the heating period 7 from the proper figure. Solving for UV 
in terms of U,, U,, U,, Uo, and U; gives 


U= — | C 
U; | (C) 
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If the values of Up = 70 Fand U, = 212 F (the initial wood and 
heating-medium temperatures assumed in making the computa- 
tions) are substituted in Equations [B] and [C] 


(U, — U,)(212 — U) 
(U, — U,)(142) , 


Values of U, and U can also be determined by means of Fig. 3, 
as explained in the text. 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until February 10, 1946) 


| 
4 
bh 
U 
a 
4 
a 
3 
3 


Flame-Temperature Measurements in 
Internal-Combustion Engines 


By O. A. UYEHARA,!' P. S. MYERS,? K. M. WATSON, ano L. A. WILSON* 


The theory, development, and calibration of an electro- 
optical pyrometer, capable of determining instantaneous 
true temperatures of luminous flames, are described. A 
description is also given of auxiliary apparatus used with 
the electro-optical ,pyrometer to obtain simultaneous 
values of pressure, temperature, and crank position in an 
internal-combustion engine. Typical data obtained with 
this instrumentation as applied to a Diesel engine are 
included. 


HE need for instantaneous and continuous temperature 

data throughout the combustion process in internal- 

combustion engines has long been recognized. Combus- 
tion rates, chemical equilibria, fuel vaporization, ignition lag, and 
heat transfer are all affected by temperature. Measurement of 
high temperatures in internal-combustion engines is complicated 
by the rapidity of temperature fluctuations and by variations in 
flame thickness and emissivity. 

About two years ago the chemical-engineering and mechanical- 
engineering departments of the University of Wisconsin initiated 
a co-operative Diesel-fuel research program, the objectives of 
which could best be achieved if precise combustion temperature 
and pressure data were obtainable. A study of methods used by 
previous investigators to measure combustion temperatures 
showed that thermocouples (1, 2, 3),§ the sodium-line reversal 
method (4, 5, 6), the total-radiation method (7. 8), and the ‘‘two- 
wire’ method (9) are obviously not adaptable to instantaneous 
and continuous measurements. The “additive”? method, as 
reported by Graff (10), is instantaneous, but it is useless when 
radiation from carbon particles becomes appreciable; and, in 
addition, the transformation of radiation to temperature is 
laborious and involves the use of some questionable assumptions, 

Hottel and Broughton (11) employed an optical pyrometer 
with filters, using two different wave lengths of radiation to 
measure the temperature of a steady luminous flame, and 
established the validity of the two-color principle. Although the 
Hottel-Broughton pyrometer was not directly applicable to the 
proposed combustion-engine research, the two-color principle 
appeared to be feasible. This led to the development of an 
electro-optical pyrometer which is instantaneous in response to 
flame-temperature variations and will determine the temperature 
at every point in the combustion process for an individual cycle 
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of the engine. Auxiliary instruments were also developed for the 
measurement of combustion-chamber pressures, injection-nozzle 
opening, and the indication of completion of combustion, all in 
relation to crank position. It is believed that this instrumenta- 
tion may prove useful in a variety of applications, particularly 
where rapidly fluctuating high temperatures and pressures are 
encountered. 


Tue Evectrro-OpticaL PYROMETER 


The relationship between the intensity of monochromatic 
radiation from a black body, the wave length of the radiation, 
and the temperature of the black body is expressed by Wien’s law 


where 


J = intensity of radiation at wave length » 
C,, C2 = known constants 

\ = monochromatic wave length 

e = base for Naperian logarithms 

T = absolute black-body temperature 


A graphical representation of Equation [1] is shown in Fig. 1. 

For a nonblack body, it is necessary to introduce a new factor 
(Ey) called the monochromatic emissivity, which is defined as 
the ratio of the intensity of radiation from a nonblack body to 
that from a black body at the particular temperature and wave 
length involved. Thus, for a nonblack body 


The intensity of radiation from a nonblack body may also be 
represented mathematically by 


where 7’, is the apparent temperature and is defined as the 

temperature at which a black body would have the same mono- 

chromatic intensity of radiation’‘as the nonblack body. 
Equating [2] and [3] 


—C: 1 1 
or 
1 1 
In Ey [4a] 


This is the form of equation that is generally used to correct 
optical pyrometers for departure from black-body conditions 
where the monochromatic emissivity is known. These relations 
are shown graphically in Fig. 1, where the dotted line represents 
a nonblack body at 4000 deg R. The apparent temperature at 
4 would be 3000 deg R, and at Ag 2500 deg R. If the mono- 
chromatic emissivity EZ, were the same at all wave lengths, 
Equation [4a] might be written for each of two different wave 
lengths, \4 and Xg, and the monochromatic emissivities equated. 
Then, by determining the apparent temperatures at \4 and Az, 
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the true temperature of a nonblack body might be calculated 
without knowing its emissivity. 

In general, monochromatic emissivities are not equal at 
different wave lengths. 
Broughton (11) that the monochromatic emissivity of a luminous 
flame is expressed by an equation of the form 


K = absorption constant per unit flame thickness and is inde- 
pendent of wave length 

L = flame thickness 

a = constant for limited wave-length range 


It was also shown by Hottel and Broughton (11) that the true 
temperature of a flame could be determined by using this relation- 
ship between the monochromatic emissivities and measuring the 
apparent temperature at the two wave lengths involved. Fol- 
lowing the development of Hottel and Broughton, substitution of 
Equation [5] into Equation [4a] gives 


—KL 
In (: ) T, [6] 


Writing Equation [6] in exponential form and rearranging 


—KL —G (1 _1 


Taking the logarithm of each side and rearranging 


—C:/ 1 1 


Two such equations may be written for two different wave 
lengths, denoted by the subscripts 1 and 2. Equating the two 
KL terms, which are equal over a limited wave-length range, and 
rearranging, gives the following 


—KL = (d)% ln 


If Xi, Ae, a1, and a: are known, and the two apparent temperatures 
are measured, the true flame temperature 7’ is the only unknown 
in Equation [9]. Once the true temperature is determined the 
term KL may be evaluated, thus giving an indication of the flame 
emissivity. Thus true flame temperatures may be obtained 
from two optical pyrometers which simultaneously record 
apparent temperatures corresponding to different wave lengths of 
radiation. 


Apparatus. In the use of this method for measuring true flame 


It has been shown by Hottel and ° 


JANUARY, 1946 


temperatures, substantially monochromatic radiation of two 
different, wave lengths must be obtained. Although filters have 
generally been used, a system of lenses and prisms was adopted in 
this work. This method does not require a division of the 
radiation as would the use of filters. Furthermore, the lenses and 
prisms are not affected by temperature and humidity changes. 
To obtain sufficient dispersion two prisms were used. 

A schematic diagram of the electro-optical pyrometer is shown 
in Fig.2. The radiation from the combustion chamber is focused 
by a lens system on a limiting diaphragm which has an opening 
somewhat smaller than the image of the source of radiation. 
Thus vibration or other small movements of the source of radia- 
tion do not cause a variation in the light permitted to pass 
through the limiting diaphragm. After the radiation passes the 
diaphragm it is paralleled by a lens, dispersed by the two prisms, 
and again focused by another lens. A barrier containing two 
slits is situated at the focal point of this lens. A phototube is 
located behind each slit in such a position that it is actuated by 
the radiation passing through the slit. A vacuum-type photo- 
tube with a caesium-oxide-silver surface was chosen because of its 
instantaneous response, its electrical stability, and its spectral 
response curve. The outputs from the phototubes are amplified 
and impressed on the vertical plates of two single-beam cathode- 
ray tubes. For this particular application the cathode rays are 
displaced horizontally in proportion to the engine crank position. 
In this manner a graph of apparent temperature as ordinates and 
crank angle as abscissas is repeatedly traced on each cathode-ray 
screen. 

The amplifiers are of the direct-coupled type designed for use 
with vacuum-type phototubes and have a practically flat fre- 
quency response curve from 0 to approximately 15,000 cycles per 
sec. Two stages of amplification are required for the desired 
sensitivity. Batteries are used in the first-stage amplifiers to 
insure stability of operation. Voltage for the second-stage push- 
pull amplifiers is supplied from a voltage-regulated power pack. 


LENS 


Fic. Scuematic D1aAGRAM OF PYROMETER 


LENS 


Black-Body Calibration. Care was necessary to insure an 
accurate calibration of the electro-optical pyrometer since the 
method depends on the measurement of two apparent tem- 
peratures of nearly equal values and the use of this small tem- 
perature difference in calculating the true temperature. Two 
methods of calibration were considered; (a) calibration by the 
use of a broad-ribbon tungsten lamp with known emissivity 
values and, (b) calibration by sighting directly upon a black body. 

A search of the literature on the emissivity of tungsten (12, 13, 
14) revealed wide disagreement both as to the values to be used 
for emissivities and as to their variation with temperature and 
with wave length. Accordingly, the black body was used for 


4 
—KL 
where 
PHOTO 
4 


UYEHARA, MYERS, WATSON, WILSON 


calibration purposes and the broad-ribbon tungsten lamp was 
retained as a secondary standard. Its use in this connection is 
described later. 

Black-body conditions were established by drilling a hole with 
a conical bottom in a graphite block. The graphite block was 
heated in the crucible of an induction furnace, and an optical 
pyrometer with a lamp calibrated by the Bureau of Standards 
was used to determine the black-body temperature. 

Above 2800 F, the formation of smoke from impurities in the 
graphite began to cause a departure from black-body conditions. 
In order to eliminate this difficulty the graphite block was 
blanketed with an atmosphere of inert nitrogen. This prevented 
the formation of smoke until a temperature of about 3100 F was 
reached. 

The procedure during the calibration process was as follows: 
The current to the induction furnace was adjusted and when the 
black body had-reached a constant temperature a reading was 
then taken with the standard optical pyrometer. The electro- 
optical pyrometer was then placed in position viewing the black 
body. The corresponding cathode-ray deflections at the two 
wave lengths were measured by means of dividers and a steel 
seale graduated in hundredths of an inch. The electro-optical 
pyrometer was then removed from its position viewing the black 
body, and another reading of the black-body temperature was 
taken with the standard optical pyrometer. The average of the 
temperatures as measured by the standard optical pyrometer was 
taken as the correct temperature corresponding to the deflections 
The foregoing procedure was repeated at various tem- 
peratures until the entire temperature range, representing zero to 
maximum deflection on the cathode-ray tubes had been covered. 
These data are shown in Fig. 3. 

After the final calibration of the electro-optical pyrometer had 
been completed, it was used to calibrate the broad-ribbon tung- 
sten lamp which was to be employed as a secondary standard. 
A rigid holder for the tungsten lamp was necessary to obtain re- 
producible results since the temperature of the filament was not 
uniform over its various .portions. The resulting graph of de- 
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Since these data are 
the reproducibility of results is 


flection versus current is shown in Fig. 4. 
from several different runs, 
clearly established. 

The original tungsten lamp proved defective and the filament 
broke after a short period of use. Consequently, it was necessary 
to repeat the black-body calibration at a few temperatures in 
order to standardize a second tungsten lamp. No effort was 
made to reproduce the original calibration and since the calibra- 
tion data plot as straight lines in Fig. 3, the entire temperature 
range was not covered. 

Determination of Equation Constants. In order to calculate 
true temperatures from Equation [9] it was necessary that \; and 
2 and the constants a; and ay be evaluated. 

Two factors had to be considered in choosing the wave lengths 
to be used. Approximately equal oscillograph deflections were 
desired for accuracy in scaling. Assuming equal electronic 
amplification, the deflection is a function of the spectral sensi- 
tivity of the phototube and the intensity of radiation at the 
temperature and wave length involved. Rassweiler and With- 
row have shown (15, 16) that in the range ef wave lengths below 
0.5 micron a small amount of spectral energy from intermediate 
products of combustion is present and might cause a departure 
from the relationships established between the monochromatic 
emissivities of a luminous flame. There is also a number of 
strong water-vapor absorption and emission bands (17, 18, 19) 
from 0.190 micron to 0.36 micron, and from 0.95 micron to 314 
microns, and strong CO, bands (18, 19) in the region of 14 to 16 
microns. However, Rassweiler and Withrow (15, 16), Graff 
(10), and Landen and Blane (20) found that black-body spectral 
distribution existed in the flames studied at wave lengths above 
0.6 micron. Accordingly, the phototubes were placed in the 
region of 0.6 to 1.0 micron and experimentally shifted in this 
region to obtain approximately equal responses under engine 
operating conditions. 

It was first attempted to determine the values of the wave 
lengths used by means of a sodium-vapor lamp and a mereury- 
vapor lamp. The locations of the sodium and mercury lines 
were easily identified in the visible region of the spectrum by 
inspection and by the response of the phototube. However, one 
of the phototubes was located in the infrared region of the spec- 
trum where it was necessary to identify the spectral lines by the 
response of the phototube alone. Difficulty was experienced in 
identifying positively the reference lines because of the fact that 
the response of the phototube varied considerably in the infrared 
region. Hence, the wave lengths determined by the phototube 
alone were considered unreliable. 

A second method of wave-length determination utilized data 
obtained during the black-body calibration of the electro-optical 
pyrometer. Assuming constant amplification from the elec- 
tronic equipment, the calibration data, when plotted as in Fig. 3, 


should plot as a straight line of slope = , where C; is a known 


constant. From the slope of the ccthieatian curve a value of 
0.696 micron was obtained for the shorter wave length. This is 
in close agreement with the value of 0.699 micron determined by 
the use of the sodium and mercury lines. However, the value for 
the longer wave length of 0.902 micron was not in agreement 
with 0.860 micron estimated by the use of the mercury and 
sodium lines. Since the latter value was in doubt, and since the 
values obtained during the black-body calibration are “effective” 
wave lengths, the black-body values were taken as correct. 

The range and relative intensities of the wave lengths per- 
mitted to pass through each of the two barrier slits, Fig. 2, to the 
phototubes are of interest since the narrowness of the peaks of 
the relative-intensity curves are an indication of the mono- 
chromacity of the radiation reaching the phototubes. The 
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are shown graphically by the relative-intensity 
curves in Fig. 5. The accuracy of the equal-inten- 


| DIFFERENT SYMBOLS INDICATE 


sity assumption is discussed in the next section. 


+—+— CHECK RUNS ON DIFFERENT DAYS, — 


The values to be used for a and a» in Equation 
[9] depend on the wave lengths \; and». It was 
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suggested by Hottel and Broughton (11) that the 


range of wave lengths ordinarily used might be 
covered by two constant values of a. The values 


recommended are 1.39 for the range from 0.3 to 0.8 


micron, and 0.95 for the range from 0.8 to 10 mi- 
cron. These values were obtained by plotting ex- 


perimental transmissivity data in such a manner 
that the slope of the line represented a. Inspec- 
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portion of the transmissivity curve. Inasmuch as 
the wave lengths employed in the electro optical 
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Fic. 5 RELATIVE INTENSITY AND WaAvE-LENGTH RANGE DETER- 
MINATION 


following method was used to construct the relative-intensity 
curves shown in Fig. 5: 

Data obtained during the wave-length determination were 
plotted showing the distances from a reference point to the points 
where known wave lengths were intercepted by the barrier. By 
measuring the distance from the two edges of the slit to the refer- 
ence point, and using the curve of Fig. 5, the range of wave 
lengths permitted to pass through each barrier slit was obtained. 

To obtain the relative intensity of the wave lengths passing 
through the barrier slits, the size of the image of the limiting dia- 
phragm was measured at the barrier with monochromatic radia- 
tion entering the electro-optical pyrometer. The wave length at 
the center of each slit was determined from Fig. 5, and that por- 
tion of the radiation at this wave length permitted to pass 
through the barrier slit was calculated from the width of the slit 
and the dimensions of the limiting-diaphragm image. This pro- 
cedure was then repeated for thirteen equidistant points across 
the width of each barrier slit. If the intensity of radiation is 
assumed to be the same for the wave lengths represented at the 
various points taken, the relative intensities for the wave lengths 
passing through each barrier slit are then given by the ratio of the 
respective portions of the monochromatic radiation passing 
through each barrier slit. The results of the analysis outlined 


pyrometer had been evaluated, it was considered 
more accurate to determine @ values by measuring 
the slope of the curve at the points corresponding to 
these particular wave lengths. The values so de- 
termined are a; = 1.382 and a, = 1.05. The effect of any er- 
ror in these constants is discussed in the following section. 

Accuracy. Since this method requires very accurate measure- 
ments of two apparent temperatures, the effect of all possible 
experimental errors must be minimized. One possible source of 
error is the electronic equipment. Direct-coupled amplifiers 
with two stages of amplification, batteries, and a voltage-regu- 
lated power pack were used. At first, slight inconsistencies 
were observed, but after waxing resistors and connections, 
“burning-in”’ resistors, ete., reproducible results were obtained 
as shown by the close agreement of the data in Fig. 4. 

A small error is possible in measuring deflections on the 
cathode-ray tubes since the spot is of finite size. Measurements 
taken by various individuals differed by a maximum of only 
0.02 in. on a 5-in. cathode-ray tube. This error was minimized 
by measuring each time from a given point on the spot, and by 
using the average of several readings. 

In measuring the black-body temperature with the standard 
optical pyrometer observations by various individuals differed 
by amaximum of 15 F. Maximum deviation of the final calibra- 
tion data from a straight line when plotted, Fig. 3,was only 10 F. 

The effect of errors in evaluating @ is discussed in reference 
(11), where calculations are presented showing that the error in 
true temperature due to a change in a@ from 1.7 to 1.39 is only 13.7 
deg F for moderately thick flames. Thus a small error in deter- 
mining e@ will not seriously affect the calculated temperature. 

Forsythe (21) discusses the magnitude of the errors involved in 
assuming that the effective wave length of radiation used remains 
constant with changes in temperature, and he states that for most 
work the correction to be applied is negligible, amounting approxi- 
mately to 4 deg at 5400 deg R. 

The fundamental accuracy of this method of determining true 
flame temperatures has been demonstrated convincingly by 
Hottel and Broughton (11). However, in order to verify both 
the calibration and the calculations, a steady high-temperature 
flame was set up so that its temperature as determined by the 
electro-optical pyrometer might be compared to that measured 
by a standard method. 

In order that the required high temperatures might be reached 
a burner was constructed to use acetylene, with air and oxygen 
supplied in any desired proportions. The experimental flame 
was approximately '!/, in. x 1 in. in cross section. The burner 
was set up inside a water-cooled jacket in order to simulate the 
conditions in the engine. Two peepholes were provided through 
which the flame might be observed. 
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The method used to determine the true temperature of the 
experimental flame was as follows: A broad-ribbon tungsten 
lamp of controllable brightness was placed behind the flame in the 
line of sight of the standard optical pyrometer. Due to the 
partial transparency of the flame, the standard pyrometer could 
“see’”’ the tungsten lamp. The temperature of the tungsten 
lamp was adjusted until there was only a small difference 
between the reading of the standard optical pyrometer when 
sighted through the flame onto the tungsten lamp and 
when sighted directly on the tungsten lamp. Graphical inter- 
polation of the readings taken in this manner permitted 
estimation of the temperature at which the apparent tem- 
perature of the tungsten lamp and the true temperature of the 
flame were equal. 

The results of the determination of the true flame temperatures 
are given in Table 1. It was found that the flame temperature 
varied as much as 100 F over various portions of the flame 
visible through the peepholes; therefore, care was exercised to 
sight on the same portion of the flame with the standard optical 
pyrometer as with the electro-optical pyrometer. 

To determine the effect of flame thickness on the electro-optical 
pyrometer temperature readings, the burner was rotated 90 deg 
so that the flame thickness was approximately 1 in. The lens 
aperture opening in the electro-optical pyrometer was stopped 
down so that the oscillograph deflections were net more than full 
scale. The data in Table 2 were then obtained. 

The foregoing experimental evidence was accepted’ as satis- 
factory proof of the accuracy of the method and apparatus for the 
proposed internal-combustion-engine studies. 

Working Charts. Since the solution of Equation [9] is a tedious 
process, a chart was constructed to express true temperature as a 
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function of cathode-ray deflections. This chart was derived 
from the following rearrangement of Equation [9] 
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In the solution of this equation values were selected for T and for 
T a2 and the equation was solved for T4:. By means of Fig. 3, 


TABLE 1 DETERMINATION OF TRUE FLAME TEMPERATURES 
I First Comparison 
Standard Optical Pyrometer (thin axis of flame): 
Temperature of lamp through flame (average of two readings), 


Temperature of lamp (average of two readings), deg R........ 4025 
Electro-optical pyrometer readings (thin axis of flame): 
II Seconp CoMPARISON 
Standard Optical Pyrometer (thin axis of flame): 
First trial: 
Temperature of lamp through flame (average of three read- 
Temperature of lamp, deg R....... wa 4145 
Second trial (lower lamp current): 
Temperature of lamp through flame (average of three read- 
Caine a graphical interpolation, the temperature of the 
lamp when sighted through the flame equals the temperature 
of the lamp at 4035 deg R 
Electro-Optical Pyrometer Readings (thin axis of flame): 


TABLE 2 ELECTRO-OPTICAL PYROMETER READINGS (THICK 
AXIS OF FLAME) 
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values of 7'4; and 7' 42 were translated into inches of deflection on 
the oscillographs. The completed chart is shown in Fig. 6. 

Since a knowledge of the variations in the KL factor is of inter- 
est, a similar chart, Fig. 7, was constructed, showing lines of con- 
stant KL factor. 

Quartz Windows. Quartz was chosen as a suitable material to 
transmit combustion radiation because of the uniformity of its 
transmissivity over the range of wave lengths used in the electro- 
optical pyrometer (22). A polished quartz rod is fitted into a 
cylindrical steel holder which screws into one of the openings to 
the conrbustion chamber. To hold the rod against explosion 
pressures, a shoulder, forming a hole slightly smaller than 
the quartz rod, was machined at the outer end of the holder. The 
quartz was cemented in with litharge and glycerine to prevent 
leakage. 

Periodically it is necessary to remove carbon deposits from the 
inner end of the quartz rod because the vertical deflections of the 
cathode rays vary with the intensity of the radiation transmitted 
through the quartz window. However, since the presence of a 
coating of carbon has the same effect as a reduction in flame 
emissivity, the true temperature value obtained is affected only 
to the extent that the scaling accuracy is impaired by the reduc- 
tion in deflection. 
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Sweep and Timing Arrangement. The two apparent tempera- 
tures to be used in calculating the instantaneous true temperature 
of a rapidly fluctuating flame must of necessity be measured at 
precisely the same instant. In the conventional internal-com- 
bustion engine this is best accomplished by an arrangement 
whereby the rotation of the engine controls the horizontal motion 
of the cathode rays and simultaneously provides timing marks at 
frequent intervals corresponding: to known crank positions. In 
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addition, it should be readily adjustable so that any small portion 
of the combustion process can be expanded to reveal minute de- 
tails which are not clearly discernible when the entire process is 
shown on the cathode-ray screen, and it should function equally 
well at all engine speeds without alteration. These features were 
incorporated in the sweep and timing arrangement designed for 
use with the electro-6ptical pyrometer. 

The sweep and timing arrangement was built as a separate unit 
and coupled to the end of the dynamometer shaft by an Oldham- 
type coupling. The characteristics of this type of coupling are 
such that the angular velocity of the driven shaft is the same at 
every instant as that of the driving shaft, even if the shafts are 
not in perfect alignment. 

The arrangement of the working parts of the unit is shown in 
Fig. 8. Secured to the shaft are two cam-shaped disks, H and /. 
One of these disks has a constant increase in radius per degree for 
330 deg, while the other has the same total increase in 90 deg. 
The remainder of the periphery in each case is at a constant 
radius until finally a radial decrease in diameter reduces the 
radius to the minimum value. Using either disk, light from a 
source A is projected through a radial slit C, behind which the 


edge of the rotating disk gradually cuts off the beam of light. A 


mirror £ reflects the remaining light into a phototube D. Thus 
the amount of light reaching the phototube at any instant is 
directly related to the position of the disk at that instant. The 
phototube is connected to a direct-coupled two-stage amplifier, 
and the output voltage is impressed on the horizontal plates of all 
the cathode-ray tubes. Inasmuch as the voltage required to 
sweep the cathode rays a given distance is not the same for all 
tubes, potentiometers were installed as a means of making com- 
pensatory adjustments. Since the horizontal movement of the 
cathode rays is controlled by the variation in radius of a disk, the 
sweep is directly related to engine rotation during the period 
corresponding to K in Fig. 8. After a pause occasioned by the 
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hig. 8 ScHematic DRAWING OF SWEEP-AND-TIMING ARRANGEMENT 


constant-radius part of the disk, the abrupt decrease in radius 
instantaneously returns each ray to the opposite side of its screen 
to begin another sweep cycle. 

The portion of the combustion process viewed on the cathode- 
ray screen can be varied, either by changing from one disk to the 
other by switching lights A, or by varying the intensity of 
the light. Using the first method, the horizontal sweep of the 
cathode rays can be made to correspond either to 330 deg of 
crank rotation, or to 90 deg, depending on which of the lights A 
is illuminated. With equal ease, the total sweep of the cathode 
rays can be adjusted at will by varying the intensity of the light 
source A by means of a rheostat. These adjustments permit as 
much or as little of the combustion process as desired to be 
spread across the fluorescent screens of the cathode-ray tubes. 
The range, in degrees of crankshaft rotation, may be any amount 
from 9 to 330 deg. The 9-deg range is particularly advantageous 
where pressure and temperature changes occur most rapidly. 

The timing device is integral with the sweep arrangement. 
Using a milling-machine head, small holes were drilled in each 
disk on an arc 5 in. from the center of rotation and extending over 
that portion of the disk where the constant increase in radius 
occurs. The holes are 4!/, deg apart in the 90-deg disk, and 12 
deg apart in the 330-deg disk. The center hole of the series was 
drilled slightly larger than the others. 

A light source A’, a lens B’, the mirror EZ, and a phototube D’, 
Fig. 8, are so placed that light reaches the phototube inter- 
mittently through the holes in the disk as the disk rotates. The 
phototube is connected through amplifiers to the vertical plates 
of one of the cathode-ray tubes. This arrangement causes the 
cathode ray to be deflected vertically at intervals corresponding 
to the spacing of the holes in the disk. The position of each disk 
on the shaft was fixed in assembling so that the large hole passes 
light to the phototube when the engine is exactly at top center, 
causing a higher deflection which clearly marks the top-center 
position. 

In order to bring into view portions of the cycle outside the 
normal range, the holder for the lights, lenses, mirror, and photo- 
tubes was made movable about the axis of the shaft, and a ring 
graduated in degrees was mounted adjacent to the holder. 
When the holder is shifted from its normal position the long tim- 
ing mark on the screen no longer corresponds to the top-center 
position. However, since all the timing marks are shifted the 
same number of degrees as the holder, the position on the screen 
corresponding to top center can readily be found by means of the 
graduated ring. 
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It was found necessary to balance the disk-and-shaft assembly 
dynamically and to mount the entire assembly on a heavy cast- 
iron block insulated from floor vibration. It was also found 
necessary to use bronze bearings rather than ball bearings since 
the latter, when tried, set up vibrations of a magnitude sufficient 
to cau:e noticeable distortion of the cathode-ray diagrams. The 
entire unit is painted black and inclosed in a lightproof housing 
to prevent stray light from reaching the two phototubes. The 
unit is shown in Fig. 9. 

Pressure Indicator. An electro-optic pressure indicator de- 
veloped by Robertson (23) at the University of Wisconsin is em- 
ployed to obtain pressure data. A schematic diagram of the 
pressure pickup unit is shown in Fig. 10, in which light from source 
A is made parallel by lens B, then is reflected by a mirror C 
through a limiting diaphragm D onto a highly polished pressure 
diaphragm F, which is screwed into an opening in the wall of the 
combustion chamber. Pressure variations in the combustion 
chamber cause the diaphragm E to change shape, dispersing 
the light reflected back by the polished surface. A portion of this 
light passes through perforations in the reflecting surface of the 
mirror C, and through a limiting diaphragm F to a phototube G. 
The output of the phototube is amplified and impressed on the 
vertical plates of a cathode-ray tube. The cathode ray is actu- 
ated horizontally by the sweep circuit previously described. 
Since the intensity of the light reaching the phototube is varied 
by changes in pressure, the cathode ray traces a pressure versus 
crank-angle diagram on the tube screen. 
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The electro-optic pressure indicator was calibrated in place on 
the engine under actual operating conditions by using a supple- 
mentary balanced-diaphragm indicator. This method eliminates 
the possibility of errors due to changes in the modulus of elas- 
ticity of the polished diaphragm, or in the reflectivity of its sur- 
face, when exposed to hizh-temperature conditions. The bal- 
anced-diaphragm indicator was similar to one developed by the 
Bureau of Standards, but was modified slightly to avoid any 
change in the engine-clearance volume when it was screwed into 
an opening normally occupied by a quartz window. A tank of 
compressed nitrogen was connected to the outer side of the dia- 
phragm to balance the engine pressure, and a calibrated pressure 
gage was used to measure the applied pressure. When the 
engine pressure exceeded the nitrogen pressure, the diaphragm 
moved outward, making contact with the electrically insulated 
center portion of the indicator which was coupled electrically, by 
a condenser, to the grid of the first-stage amplifier used to amplity 
the output of the phototube of the electro-optic pressure indi- 
cator. Whenever this contact was made or broken, the cathode 
ray was temporarily displaced, producing a jog in the pressure 
diagram. A reproduction of a pressure diagram taken with the 
balanced-diaphrazm indicator in operation is shown in Fig. 11. 


The effect of engine vibration on the condenser coupling is visible — 


in this picture. Nevertheless, the point at which the diaphragm 
made contact is clearly indicated. By varying the pressure sup- 
plied to the outside of the balanced diaphragm and measuring the 
corresponding deflections, a calibration curve of deflection versus 
pressure was obtained as shown in Fig. 12. The intake pressure 
was taken as atmospheric since the error in this assumption was 
negligible. 

Since the magnitude of the deflections obtained depended on 
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the light intensity as well as the pressure variations, it was found 
necessary to supply closely regulated direct current to the light 
source. This was accomplished by the use of storage batteries 
which were constantly charged at a rate slightly higher than the 
current required for the light source. By the use of this method 
to obtain constant light intensity, results reproducible within the 
limits of measuring accuracy were obtained. 

Injection Indicator. The engine is equipped with a Bosch solid- 
injection system with the conventional commercial method of 
varying the time of injection. A shutter is attached to the nozzle 
plunger so that when the nozzle valve is lifted from its seat and 
injection started, the amount of shutter opening is increased. A 
light on one side of the shutter actuates a phototube on the other 
side whenever the shutter opening changes. The output of the 
phototube is amplified and impressed on the vertical plates of 
one of the cathode-ray tubes. This cathode ray is actuated hori- 
zontally by the sweep circuit previously described. Thus the 
bezinning of injection is indicated by a vertical deflection of the 
cathode ray, and the end of injection is indicated by the return 
of the cathode ray to its original position. In addition, any 
pressure waves of sufficient magnitude to move the nozzle plunger 
and shutter are shown. 

End-of-Combustion Indicator. The end of combustion occurs 
either in the precombustion chamber or in the main chamber, 
depending on the load on the engine and the point at which 
injection occurs. One of the quartz windows is located in the 
cylinder head so that combustion in the main chamber can be 
viewed through it. By observation, it was found that at light 
engine loads combustion apparently does not carry over from the 
precombustion chamber into the main chamber. Therefore, at 
light loads, the end of combustion is indicated by the electro- 
optical pyrometer. Under heavy-load conditions combustion 
carries over into the main chamber. Accordingly, a phototube 
was placed in such a position that it is actuated by the radiation 
from the quartz window viewing the main chamber. The output 
of this phototube is amplified and impressed on the vertical plates 
of one of the cathode-ray tubes. This cathode ray is actuated 
horizontally by the sweep circuit. Thus the end of combustion 
can be determined regardless of where combustion ceases. 

Camera-Shutter Synchronizer. A permanent record of the data 
is obtained by photographing simultaneously all of the oscillo- 
graphs while all the devices which activate the cathode rays are 
in operation. In order that single cycles with their cyclic pres- 
sure and temperature fluctuations can be studied, as well as 
general trends of numerous cycles, photographs of single cycles 
are desired. 

In order to photograph these single cycles, a shutter synchro- 
nizer is required which will open and close the shutter at the 
proper crank position regardless of engine speed, and which will do 
so one time only without being reset. 

The device, shown in Fig. 13, was developed to meet these re- 
quirements. A wooden disk / is coupled to the end of the sweep- 
and-timing mechanism shaft through reduction gears having a 
ratio of 40 to 1. Two small blocks A are attached to one side of 
the disk to form an adjustable cam. This cam actuates a fol- 
lower C which closes the breaker points D, permitting current to 
flow through the solenoid F which opens the camera shutter. 
When the cam leaves the follower the breaker points open the 
solenoid circuit and the camera shutter closes. The combined 
length of the two blocks forming the adjustable cam corresponds 
to one engine cycle. Therefore the camera shutter remains open 
for one cycle, the point at which it opens and closes being deter- 
mined by the location of the adjustable blocks on the disk. A 
manually operated switch H in the solenoid circuit. is closed when 
a picture is desired and opened immediately after the shutter 
closes. Thus one combustion cycle is photographed at a time, 
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and as many additional photographs as desired can be taken by 
repeating the operation with fresh film. To prevent the inad- 
vertent closing of this switch when the breaker points are already 
closed, a light E is connected in parallel with the solenoid. 

In order to obtain compact and complete photographic records 
of original data, the cathode-ray tubes were placed in a vertical 
row beside a black title board on which pertinent identifying data 
are shown by white letters. A view of this arrangement is shown 
in Fig. 14. The board is illuminated when taking photographs. 
Also, two small illuminated holes, 10 in. apart, to be used for align- 
ment and enlargement purposes, were provided adjacent to the 
bank of cathode-ray tubes and are photographed simultaneously 
with the oscillographs. Before photographs are taken, the hori- 
zontal travel of the cathode rays is adjusted by means of the 
potentiometers so that, at any time, a vertical line through all 
the cathode-ray ‘‘spots’’ is parallel to the two illuminated holes. 
When the image of the oscillographs is projected onto a ground- 
glass screen with the proper enlargement, the alignment “dots’’ 
are 10 in. apart. The deflections corresponding to particular 
crank positions are determined by projecting lines from the 
corresponding timing marks parallel to the two dots. A 35-mm 
camera fitted with an f 1.9 lens is used to photograph the oscillo- 
graphs. 

Engine and Auxiliary Apparatus. The engine to which the 
previously described apparatus is attached is a commercial-model 
Diesel engine, the specifications of which appear in Table 3. 
It has a high-turbulence precombustion-chamber type of head 


which has openings as shown in Fig. 15. The engine is coupled 
to an electric dynamometer. A view of the engine with the elec- 
tro-optical pyrometer, the pressure indicator, the injection indi- 
cator, and the end-of-combustion indicator in position is shown in 
Fig. 16. 

The length of time necessary for the engine to consume a pre- 
determined amount of fuel, and the total revolutions during that 
time, are automatically measured by means of an electromagnetic 
tripping device. 

As part of the energy balance, the heat loss to the jacket cooling 
water is measured by means of calibrated thermometers, a direct- 
connected positive-displacement pump, and a calibrated #/s-in. 
sharp-edged stainless-steel orifice. 

In order to determine the average air-fuel ratio, the air con- 
sumption is measured by means of a thin-plate orifice constructed 
according to the A.S.M.E. Code. Air pulsations are smoothed 
out by volumes and pressure drops as recommended by the Code. 

Two smoke meters are attached to the exhaust line, one a con- 
tinuous-flow type and the other a sampling type. 

A Bureau of Mines gas-analysis apparatus is used to analyze 
the exhaust gases for oxygen, carbon dioxide, and carbon mon- 
oxide. The remainder is assumed to be nitrogen. 


PRELIMINARY RESULTS 


The engine head, as shown in Fig. 15, has a radial opening and 
a tangential opening in the precombustion chamber through 
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which temperature observations could be made. In order to 
determine which one would be best suited for temperature meas- 
urements, quartz windows were installed and observations were 
made through each of these openings. The procedure for ob- 
taining comparative data for the two openings was as follows: 
The engine was run at rated speed and load until equilibrium 
conditions were reached. Then the engine was momentarily 
stopped, the quartz windows cleaned and reinserted, and the 
engine started and allowed to run for about 5 min in order to again 
reach equilibrium conditions. Temperature observations were 
then made by sighting alternately the electro-optical pyrometer 
through the two windows, and photographing the oscillographs of 
apparent temperature variations. 

The temperatures determined through the tangential window 


TABLE 3 SPECIFICATIONS OF TEST DIESEL ENGINE 
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Fic. 16 Diese, ENGINE AND ASSOCIATED EQUIPMENT 
(1 Electro-optical pyrometer; 2 Pressure indicator; 3 Injection indicator; 4 End-of-combustion indicator; 5 Quartz window.) 


were slightly lower than those determined through the radial 
window, particularly during the first part of combustion. This 
was undoubtedly a result of the cooling effect of the combustion- 
chamber walls. During the last half of combustion the two 
temperatures were found to be nearly equal. 

At light loads, rapid variations in flame emissivity, with a 
consequent rapid variation in the apparent temperatures, were 
observed when the electro-optical pyrometer was sighted on the 
opening which views the precombustion chamber tangentially. 
At full load these variations in flame emissivity tended to de- 
crease both in rapidity and in magnitude. The flame-emissivity 
variations observed through the radial opening were always less 
rapid and of smaller magnitude than those viewed through the 
tangential opening. 

The analysis of the photographic records from the two openings 
failed to show any appreciable difference in ignition lag. 

After consideration of these factors, the quartz window for 
temperature measurements was left in the radial opening and the 
pressure indicator was inserted in the tangential opening, as 
indicated in Fig. 15. 

Having settled on a suitable location for the quartz window, 
and having previously established the reproducibility of tempera- 
tures measured with the electro-optical pyrometer, Fig. 4, the 
cyclic reproducibility of engine temperatures under constant 
operating conditions was next investigated. Some of the results 
of this investigation are shown in Fig. 17. These data show that 
the average trend is reproduced, but the temperature at any 
particular point in the cycle is not necessarily reproduced from 
cycle to cycle. Data taken on different days under the same 
operating conditions showed similar temperature fluctuations, 
but the average trend was the same as shown in Fig. 17. The 
pressure measurements showed closer agreement. 

As a preliminary to investigating the effects of fuel composition 
on the combustion process, tests were in progress at the time this 
paper was prepared to establish for a single fuel the effect of 
different operating conditions on the temperatures during the 


combustion process, Operating variables such as engine speed, 
engine load, point of injection, jacket-water temperature, etc., 
are individually varied while the other operating variables are 
maintained constant. 

For the preliminary tests reported in this paper, the operating 
variable was the point of injection, which was adjusted to occur at 
top center, at 18 deg before top center, and at 24 deg before top 
center, rated speed and load being maintained in each case. 
Photographs were taken with the horizontal scale expanded 
different amounts, so that particular portions of the combustion 
process might be studied in detail. The photographs were 
analyzed in the manner previously described. 
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Fig. 21 OscittograM oF ENTIRE CoMBUSTION Process WITH 
INJECTION aT Top CENTER 
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Views taken during the run with injection occurring at 24 deg 
before top center are shown in Figs. 18, 19, and 20. In Fig. 18 
the horizontal scale is compressed so that the whole combustion 
process is shown. The timing marks are 12 deg apart, the high 
mark indicating top center. The effect of expanding the hori- 
zontal scale by increasing the light intensity passing through the 
slit is shown in Fig. 19. The timing marks are still 12 deg apart. 
The 90-deg disk was in use when the photograph reproduced in 
Fig. 20 was taken, consequently the timing marks in this picture 
are 4'/, deg apart. Fig. 21 shows the effect of late injection. 
The alignment dots are visible on the right-hand side of all the 
photographs. 

The true temperature, pressure, and KL factor fluctuations, as 
recorded on the illustrations Figs. 18 and 21, are shown in Fig. 22, 
together with data for a single cycle with injection occurring at 
18 deg before top center. Each of the dotted lines in Fig. 22 
was obtained by analyzing 10 cycles, similar to Figs. 18, 19, and 
20, for each point of injection and drawing average curves for 
these data. 

The data in Fig. 22 are presented at this time primarily to show 
that the electro-optical pyrometer is capable of following and re- 
cording the temperature variations inside the cylinder of an in- 
ternal-combustion engine. Not enough data have been obtained 
to explain the cyclic temperature fluctuations or the variations in 
temperature with point of injection. However, additional tests 
are now in progress to establish more completely the effect upon 
the temperature of varying the point of injection, as well as the 
effect of the other operating variables and the fuel composition. 
The results of these tests will be reported at some future time. 
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Discussion 


H. B. Norrace.® As a tribute to experimental ingenuity and 
skill in tackling a difficult problem of practical interest, this paper 
is of outstanding merit. Even with slight imperfections, just so 
they would be consistent and recognized, the results of a compre- 
hensive engine study with the author’s equipment should funda- 
mentally advance our recognition of the perverse idiosyncracies 
of combustion in an engine. 

It is admittedly difficult to make a paper of this nature com- 
plete in its coverage of all details of technique. A further word 
from the authors would be appreciated concerning the extent to 
which this equipment is independent of the diagnostic and manip- 
ulative sensitivities of the individuals who have made it work. 
What pitfalls would await the uninitiated adventurer following in 
their path? 

Is the present form of the equipment the first one assembled? 
What further improvements are needed or expected? What is 
the useful life of the mechanical parts? How quickly do the 
photocells deteriorate? How frequently must the photocells be 
recalibrated? Are separate means advisable to check on the in- 
terchangeability of the photocells? How high an engine speed 
would this equipment stand with maintained accuracy? What 
maximum and minimum pressure and temperature limits can be 
handled? Will this equipment show up detonating frequencies 
independent of ‘hash?” 

Is it worth while to consider building in a differentiating circuit 
to determine the rates of pressure and temperature variations? 

How much of the lack of reproducibility between cycles might 
be due to the engine-operating controls themselves? How long 
is the engine run in before data are taken? Is ordinary commer- 
cial injection equipment believed to be satisfactory here? An- 
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other oscillogram of fuel injections rate versus time might be 
imagined as an additional complication. 

Then, from an analytical viewpoint, are there believed to be any 
limitations on Equation [5], as applied to an engine combustion 
chamber? What is the magnitude of the monochromatic trans- 
missivity of the flame? What would be the corresponding re- 
flectivity and absorptivity of the combustion-chamber surfaces in 
operation? What kind of temperature does one measure along a 
radiant beam passing through a gas mass in violent physical and 
chemical agitation? Has this temperature been employed to cal- 
culate the radiant component of the heat transfer to the combus- 
tion-chamber walls? 

Further data are most certainly awaited with keen interest. 


J. P. Mearoor.’? In studies such as the author has made, the 
apparatus involves a small window inset in a cylinder. Beyond 
doubt the coolest part of the cylinder is the wall. The question 
then arises, can a really good idea of the temperature inside the 
cylinder be obtained from measurement through such a window? 

Why was the measurement of pressure taken with the pre- 
sented method instead of with the piezo-electric crystal method 
in which the indicating parts are inertia-free and therefore more 
correct? 


Hans Bouustav.* How many pictures could be taken before 
the window had to be removed and cleaned? Were the measure- 


ments influenced by the radiation of the combustion-chamber — 


walls? Was it possible to measure the combustion-chamber-wall 
temperature and determine the effect of an increase in such tem- 
peratures on the cleanliness of combustion and flame temperature? 
It is commonly known that after an engine has run for a while 
and is properly warmed up, the combustion becomes cleaner; 
therefore, the temperature of the combustion-chamber wall 
would have an influence on the speed of combustion and tem- 
perature of the flame. 


L. R. Turner.’ What is the possibility of using this method 
to measure the temperature of gases which have no radiant par- 
ticles in them? In their experiments, have the authors used addi- 
tives in sufficient quantities such that the radiation is along one 
wave length? It is the writer’s understanding that a method has 
been worked out but he is unfamiliar with the quantities required 
to get black-body conditions at one wave length. 


Leopotp Srrauss." The authors’ illustrations show the pre- 
combustion chamber as spherical. What would be the effect of a 
differently shaped chamber on the temperature measurements? 
Also, what effect does turbulence within the chamber have on 
temperature measurement? 


Avutuors’ CLOSURE 


The discussion submitted by H. B. Nottage includes several 
pertinent questions which one thoroughly conversant with the 
technical theories and principles involved might naturally raise. 
The authors welcome the opportunity to discuss these questions 
at this time but not all of them can be answered conclusively until 
after further experience and experimentation. 

The authors believe that the equipment is quite independent 
of the personal element, once the operators become familiar with 
the basic principles and technique. The equipment is still in its 
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original form except for a few minor changes. Simplification is 
possible and certainly would be necessary before it could be used 
successfully by nontechnical operators. 

Probably the most desirable improvement in the electro- 
optical temperature indicator would be realized if the equations 
involved were solved electronically so as to produce true tempera- 
tures directly on a single oscillograph screen. This would elimi- 
nate the laborious, time-consuming routine inherent in the present 
arrangement and should improve the accuracy. Needless to say, 
some means of attaining this objective is vigorously being sought. 

The mechanical parts are few and not subject to rapid wear or 
deterioration. The phototubes are used at low light levels, and at 
moderate voltages, consequently they should be usable for a long 
period of time. The original phototubes are still in use and show 
no appreciable deterioration after many hours of service. Any 
change that might occur in the characteristics of the phototubes, 
occasioned by deterioration or replacement, is taken care of by 
strict adherence to the practice of checking the calibration of the 
apparatus each time it is used. 

The authors are of the opinion that the instrumentation will 
operate successfully at any speeds employed in present-day re- 
ciprocating engine practice if proper precautions are observed in 
designing the electrical circuits and the mechanical auxiliaries. 
Since there are no mechanical connections between the engine and 
the electronic indicators, these instruments should follow ac- 
curately, without interference from engine vibrations, any fre- 
quency up to the limit of frequency response of the amplifiers. 

As a matter of possible interest, the electro-optical temperature 
indicator was once sighted toward the sun and the temperature 
thus obtained checked the generally accepted value very closely. 

If, as is hoped, the true flame temperature can be indicated 
directly on a single oscillograph screen as a function of crank 
angle, temperature rate curves will definitely be of interest. 
With the present equipment, however, apparent temperature rate 
curves do not seem to be in order as both flame emissivity and 
temperature variation affect the rate. 

Lack of cycle reproducibility is believed to be inherent in the 
combustion process, since the injector rack is usually locked in a 
fixed position while data are being obtained. This conclusion 
seems reasonable because of the manner in which ignition origi- 
nates and combustion is propagated in a Diesel engine, and more 
particularly so in the high turbulence, precombustion-chamber 
type used in the present investigation. 

The engine is run at the desired operating conditions for a 
period of approximately one hour before data are taken. Special 
injection equipment may prove useful, but the final answer to 
this question must await further experimental work. The use of 
injection rate diagrams has been considered. While such addi- 
tional data would undoubtedly contribute useful information, the 
necessary equipment has not been developed as far as the authors 
are aware and consequently this improvement must await future 
development work. 

The authors consider that Equation [5] is just as applicable 
to luminous flames in engine combustion chambers as it is to open 
flames. The equation must fail, however, when a luminous flame 
becomes nonluminous and the radiation becomes discontinuous 
with respect to wave length. In the present experiments the 
luminosity of the Diesel flame is of such magnitude that the equa- 
tion is considered applicable. Further experimental work will be 
necessary to establish its validity in the case of the less luminous 
Otto-cycle flames. 

The monochromatic transmissivity varies between wide limits. 
As yet, the authors have made no attempt to separate the trans- 
missivity of the flame and that of the sooty quartz window. 
KL values for the flame-window combination range from 0.001 to 
1.0. The corresponding absorptivity of the combustion-chamber 
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walls is unknown but must be quite high due to the surface coat- 
ing of soot. It should be noted that the temperature obtained 
with the electro-optical pyrometer is exponentially weighted 
toward the highest temperature existing in the radiant particles 
visible to the instrument. This fact, together with the high 
turbulence and the suspected lack of thermal equilibrium, may 
be largely responsible for the lack of reproducibility. 

Separation of the flame absorptivity and the window absorp- 
tivity would be necessary before the radiant heat transfer could 
be calculated. A new type of quartz window is now being em- 
ployed which may make such separation feasible. 

With respect to Mr. Megroot’s question concerning the effect 
of window temperature, it is unlikely that radiation from the 
window itself can appreciably alter the electro-optical pyrometer 
readings because the window temperature is far less than the 
flame temperatures, and the exponential averaging previously 
mentioned tends to nullify minor radiation effects. 

Experience with the piezo-electric pressure indicator in previous 
combustion studies at the University of Wisconsin indicated that 
it does not hold to its calibration well. The electro-optical 
pressure indicator has proved entirely satisfactory in that re- 
spect. Furthermore, the natural frequency of the diaphragm 
used in the electro-optical pressure indicator is approximately 
200,000 cycles. Since the ability of the diaphragm to respond to 
rapid changes in pressure is determined by its natural frequency, 
the response is satisfactory up to the limit of the frequency 
response of the amplifiers used. 

Replying to Hans Bohuslav’s questions, the frequency with 
which the quartz window must be cleaned is a function of the 
engine-operating conditions, with a minimum of about 15 minutes. 
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Since the paper was presented, a self-cleaning window has been 
developed which apparently remains clean indefinitely. No at- 
tempt has been made in the present investigation to measure 
combustion-wall temperatures. In view of the exponential 
averaging, previously mentioned, radiation from the relatively 
cool wall is negligible as far as flame-temperature measurement 
is concerned. 

Concerning the discussion submitted by Mr. Turner, since the 
method in question measures the temperature of the soot particles 
in the flame it is not applicable to nonluminous flames. Inasmuch 
as the Diesel flame is luminous, there has been no occasion to 
employ additives in the present investigation. The possibility of 
additives affecting the combustion characteristics would seem 
to make their use undesirable if it can be avoided. The authors 
have not experimented with the amount of additives required to 
approach black-body conditions, nor do they know of any refer- 
ence to experiments of this nature. Reference (10) describes a 
method whereby the spectral radiation of an additive was used to 
measure flame temperatures, but black-body conditions were not 
approximated. 

The question by Leopold Strauss concerning the effect of 
combustion-chamber shape must await further experimentation 
because, as yet, the apparatus has been employed on only one 
type of combustion chamber. Turbulence should have no effect 
upon the temperature measurements if thermal equilibrium exists. 
Lacking thermal equilibrium, however, temperature variations 


‘would be indicated if “hot” and ‘cold’? masses were swept 


alternately in front of the combustion-chamber window. 
The authors wish to express their appreciation to those who 
contributed to the discussion of the paper. 
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Polar Diagram for Tuning of Exhaust Pipes 


By TROELS WARMING,! MILWAUKEE, WIS. 


In this paper is shown how a simple polar diagram, not 
requiring any higher mathematics, can be used for calcu- 
lation of the natural frequency of the exhaust system on a 
Diesel engine. In general this diagram can be used for 
determination of all the natural frequencies of any sys- 
tem consisting of gases or fluids in containers of complex 
form. 


( Yeo y there seems to be an increasing interest in 
tuning of exhaust pipes on Diesel engines, see, for in- 
stance, a paper by P. H. Schweitzer;? and it may there- 

fore be of advantage to have an easy method to determine the 

natural frequencies of such systems. A polar diagram, similar to 
the diagram developed some years ago by F. M. Lewis? for cal- 
culation of crankshaft systems, may be used for this purpose. 

It will be found, however, that gas systems are much simpler to 

deal with than shaft systems. 
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Fic. 1 IN Pipe Open at One END 

Consider first the system shown in Fig. 1, consisting of a pipe 
with constant area and open at oneend. The natural frequency 
of this system is 


15 
N= 60 = “vibrations {1] 


where ly is the length of the pipe in inches, and v the sound velocity 
in inches per second. The exhaust from a Diesel engine may 
with good approximation be considered as atmospheric air for 
which the sound velocity is 


= 585 Vt + 460 in. persec...... [2] 
where t is the temperature in degrees F. 
1 Mechanical Engineer, Nordberg Manufacturing Company. Jun. 


A.S.M.E. 

2“Improving Engine Performance by Exhaust-Pipe Tuning,"’ 
by P. H. Schweitzer, Journal of the American Society of Naval Engi- 
neers, vol. 56, May, 1944, p. 185. 

“Torsional Vibration in the Diesel Engine,’’ by F. M. Lewis, 
Trans. Society of Naval Architects and Marine Engineers, vol. 33, 
1925, p. 109. 

Contributed by the Oil ard Gas Power Division and presented 
at a meeting of the Cleveland Section, Cleveland, Ohio, May, 1945, 
of Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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Fig. Potar DIAGRAM FOR SystTeM IN Fie. 1 

When the air in this pipe oscillates, amplitude and pressure 
at the various points are given by a sine and a cosine curve, Fig. 1. 
Amplitude and pressure at a point B in the pipe are therefore 
the co-ordinates for the corresponding point B on the circle 
shown in Fig. 2, where 


arc AB - 90 deg 


The scales used in this polar diagram are of no importance for 
the determination of natural frequencies since only the relative 
values are needed. Amplitude and pressure are therefore 
both measured in inches on the diagram. It is of importance, 
however, that these scales are not influenced by the area of the 
pipe. 

Consider now length PQ = /, of the pipe. The corresponding 
circle arc PQ = arc, is 


Substituting 4 from Equation [1] 


arc, = 


The air particles between P and Q oscillate independently of 
what takes place in the rest of the pipe, with the exception that at 
P and Q certain pulsating pressures are supplied and certain 
volumes of air are pumped in and out. If these pressures and 
volumes were provided by oscillation at the same frequency but 
in pipes of different diameter, the oscillations between P and Q 
would not be affected. 

This makes it possible to treat more complicated systems, 
Figs. 3and4. Each length of pipe with constant area will have a 
corresponding arc of a circle determined by Equation [4]. Where 
two pipes of different area are connected, the pressure does not 
change, but the two amplitudes, a, and an+,, at the point of 
connection are inversely proportional to the areas, S, and S,4, 


It may be added that the condition is different from that of 
constant flow, in which case the pressure changes where the area 
changes. This pressure change is necessary to accelerate the air 
passing to a different velocity. In a vibratory system, as con- 
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Fie. More Comp.iicatep System 
(Letters S indicate pipe areas.) 
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4 Potar D1aGRAM FOR SYSTEM IN Fic. 3 


sidered here, the air in the whole pipe is accelerated simultane- 
ously, thus not causing any sudden pressure changes at any point 
in the system. 


CONSTRUCTION OF PoLAR DIAGRAM 


In order to explain the construction of the polar diagram in 
Fig. 4, it is first assumed that the natural frequency N of the 
system is known. The first point A; of the diagram is chosen 
arbitrarily on the abscissa axis because it gives the condition at 
the closed end A of the system where the amplitude is zero. 
Point B,, which gives the condition at the end B of the first pipe, 
is located on a circle arc through A; determined by Equation 
[4] and with center in point O. Point B, gives the condition 
at the beginning of the second pipe, where the pressure is the 
same as at B,, while the amplitude is determined by Equation [5]. 
Point B; is therefore found by simply multiplying the ordinate for 
B,, as measured on the diagram, by this proportion. The circle 
arc B,C; has center in point Oand is determined by Equation [4]. 

The construction is continued through all the steps of the 
system, but, with atmospheric pressure at the open end, the 
last point must fall on the ordinate axis. However, if the dia- 
gram had been drawn for a frequency different from the natural 
frequency of the system, the last point would not have fallen on 
this axis. We have therefore in the polar diagram a method of 
checking whether a given frequency is the natural frequency. 

It is added that the diagram may be drawn just as well by first 
choosing point E, arbitrarily on the ordinate axis and then pro- 
ceeding the other way through the system. If point A; then 
falls on the abscissa axis, the frequency used was the natural 
frequency. 

So far only the fundamental vibration of the system has been 
considered, but for higher frequencies the polar diagram, in- 
stead of 90 deg, will go through 270 deg, 450 deg, etc. Fora sys- 
tem closed at both ends, the diagram will go through 180 deg 
(or 360 deg, 540 deg, etc.) thus beginning and ending on the 
abscissa axis. If the system is open at both ends, the diagram 
will begin and end on the ordinate axis. 

Before calculating the natural frequency of an actual exhaust 
system, it must be simplified to a system of pipes with constant 
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area, see, for instance, Figs. 3, 5, or 7. Parts of complicated shape 
are changed so that they keep the same volume and the same 
length, the length being measured as the distance the gases flow. 
Exhaust pots and mufflers are thus considered as short pipes with 
large area. At the open end of a pipe is added a length equal to 
0.4 times the pipe diameter in order to provide for the fact that 
the air particles just outside the pipe take some part in the vibra- 
tion. 

A frequently used exhaust system has a pipe, with constant 
area S and length J, and some additional volume V as, for in- 
stance, valves or exhaust pots, near the closed end. If V/S <1/2, 
the system may be calculated as one straight pipe, Fig. 1, of 
length kh = V/S +1. The error involved is less than 3 per cent. 


CALCULATING NATURAL FREQUENCY 


As an example, the natural frequency will be calculated of the 
system shown in Fig. 5, assumed filled with exhaust gas at an 
average temperature of 500 F. The sound velocity, Equation 
(2], then is 


v = 585 0/500 + 460 = 18,100 in. per sec 


’ A rough estimate of the natural frequency is obtained from 
Equation [1] by considering the system as one straight pipe 
15v 


= 


= 1700 vibrations per min 
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Fig. 5 Exuaust System IN EXAMPLE 


. The first polar diagram in Fig. 6 is drawn for this frequency. 
The angle of the circle ares, all of which have center in point O, 
is from Equation [4] 


6Nl, 


-1700- 
aro, 6:1700-ly 


73,100 = 0.564-1, deg 


where /, is the corresponding pipe length. 
Point A; is chosen somewhere on the abscissa axis. 
found by 


arc A,B, = 0.564-1, = 0.564 + 20 = 11.28 deg 


Point B, is 


Point B, is found by multiplying the ordinate for B, by 


Point C; is found by 
arc B,C, = 0.564° 1, = 0.564-+ 40 = 22.56 deg 
Point C; is found by multiplying the ordinate for C; by 


Point D, is found by 
arc C,D, = 0.564-1, = 0.564 100 = 56.4 deg 
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PoLarR DIAGRAMS FOR SYSTEM IN Fic. 5 


The diagram shows that the estimate of 1700 vibrations per 
min was too high since the total angle described is 124.1 deg 
instead of 90 deg. <A second estimate is therefore made 


90 
ek 1700 = 1230 vibrations per min 


For this frequency a new polar diagram is constructed with the 
angle of the circle arcs 


1230- ly 


— > > 
18,100 0.407 - 1, deg 


arc, = 
The procedure is the same as before and the result this time is a 
total described angle of 98.2 deg. 
By extrapolation from the first two estimates is found 
1700 — 1230 


(98.2 — 


N = 1230 — 


= 1080 vibrations per min 


A polar diagram for this frequency has a total described angle 
of 89.4 deg which is quite close to 90 deg. However, by interpo- 
lation between the last two tries will be found 


1230 — 1080 

N = 1080 + 98.2894 (90 — 89.4) = 1090 vibrations per min 

which is the natural frequency of the system with good accuracy. 
During the construction of the polar diagram, difficulties may 

arise with points falling either outside the paper or too close to 


the center to give an accurate construction. The following rule 
will then be helpful: Any point in the diagram may be moved 
on a radius, closer to or away from the center, and the construc- 
tion may then be continued from the new location. 


BRANCHED SYsTEMS 


Branched systems need a separate polar diagram for each 
branch and for the main pipe, all diagrams using the same fre- 
quency, Figs. 7 and 8. The diagrams for the branches are begun 
at the end of the branch and worked toward the junction. At 
this point the pressure p must be the same in both branches so the 
diagram for one of them, in this case branch II, is reduced ac- 
cordingly. The diagram for the main pipe now can be drawn 
beginning at the junction point. The pressure p must be the 
same as in the branches, and the amplitude a; is determined by 


* Sy = Sy + Se 


where a4, as, and a; are measured in inches on the diagram, and 
S,, Ss, and S; are pipe areas. The diagram is then completed 
and, if the last point falls on the ordinate axis, we have the natural 
frequency of the branched system. 
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Discussion 


T. M. Rosiz.‘ What is the effect of discharging into a concrete 
pit and taking the exhaust pipe out somewhere before the end of 
the pit? In other words, supposing the exhaust pipe enters the 
pit horizontally at one end and leaves the pit vertically at some 
point before the other end of the pit. Would the vibrations in 
the pit, due to the exhaust gases hitting the end wall and bouncing 
back, affect the calculations and if so, what correction should be 
made? 


R. O. Bernauer.£ The author has been a co-worker with the 
writer at Nordberg for the past 5 or 6 years and in that time has 
worked on the critical speeds of crankshafts, parallel operation of 
synchronous generators, and various other vibration problems. 
He has always had a way of presenting anything very simply and 
has used polar diagrams a great deal in solving problems. This 
paper is his latest application of the polar diagram. 

The writer is not going into a technical discussion regarding the 
use of it. In 1925, Professor Lewis used the polar diagram in the 
determination of critical speeds of crankshafts and the author is 
using it in an analogous manner in this paper. In parallel-opera- 
tions problems he uses vector diagrams which are closely related. 
The writer congratulates the author on his unique and simple 
paper and thinks it should be of great value to engineers because 
of its simplicity. The paper deals with relative lengths from 
which pressures and amplitudes in any system may be secured. 

In his presentation the author did not go into branch or net- 
work systems at any length but did give examples in his paper. 
These are obtained by the confluence of pipes and are very diffi- 
cult to handle by other methods. His method is important in 
that it presents a simple way of solving branch or networks 
problems. 


L. R. Turner.* In connection with the polar diagrams, what 
happens where there is a restriction at the end of the pipe? 


L. M. Ticuvinsky.’ The determination of natural frequencies 
even of simple members of a Diesel engine is required in order to 
obviate a possible condition of resonance. Their calculations are 
rather lengthy and require accurate procedures. 

The simple and elegant method presented by the author for the 
same purpose invites a question as to its accuracy. It is believed 
that the method is practical for designers; however, it would be 
interesting to know the error when comparing the calculated and 
the graphically obtained values of natural frequencies of a system 
such as shown in Fig. 7 of the paper. 


V. L. Mateev.® The writer checked the method described in 
this paper for an exhaust system connecting several Diesel en- 
gines to a common muffler with a long tail pipe. The system con- 
tains chambers of various volumes and pipes of various diameters 


General Diesel Sales Division, Fairbanks Morse & Company, 
‘Chicago, Ill. Mem. A.S.M.E. 

5’ Nordberg Manufacturing Company, Milwaukee, Wis. 

¢ National Advisory Committee for Aeronautics, Cleveland Air- 
port, Cleveland, Ohio. 

7 Vice-President in Charge of Engineering, American Bearing Cor- 
poration, St. Louis, Mo., and Indianapolis, Ind. Mem. A.S.M.E. 

8 Aviation Division, Harvey Machine Company, Inc., Los Argeles, 
Calif. 
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and lengths and it was a tedious job to find by usual calculations 
the natural frequency of the gases in this system. The polar- 
diagram method gave a great saving of time without any sacrifice 
of accuracy. In addition, this method shows very clearly what 
changes should be made in a system if a certain natural fre- 
quency is to be obtained. 

The writer believes that, where due to the difficulty of calcu- 
lating the natural frequency, the latter was often only estimated, 
with the polar-diagram method available the natural frequency 
actually will be computed and this will lead to better design. 
Furthermore, the writer believes that this method will be very 
helpful not only for tuning exhaust pipes of internal-combustion 
engines, but also for designing exhaust mufflers which up to date 
are not too satisfactory, and possibly in designing injection sys- 
tems of compression-ignition engines. 

The only criticism which pertains, however, not to the content 

of the paper, is in respect to the use of the designation “arc’’ in- 
stead of the word “‘angle;’’ 90 deg multiplied by a ratio gives a 
certain number of degrees and not an are. In laying out the 
diagrams, again one uses angles on the protractor and not ares. 
The polar diagram itself deals with angles, not arcs. 
- The paper is written very clearly and will be appreciated by 
all who have to deal with natural frequencies of gases or fluids in 
various systems. It constitutes a valuable contribution to the 
engineering literature. 


AUTHOR’s CLOSURE 


Mr. Robie asks about a concrete pit. Usually it will be sufficient 
to substitute a straight pipe, of the same length as the average 
path of the gases through the pit, and with an area giving same 
volume as the pit. If the part of the pit beyond the vertical out- 
let is very long, it may be necessary to consider it as a branch to 
the system. This also should be done if higher orders of vibra- 
tion are considered. 

Mr. Bernauer’s kind remarks are very much appreciated. The 
association with him, through the past years, has always been 
very pleasant. 

In reply to Mr. Turner, it can be said that if the open end of a 
pipe is restricted by a plate with a hole, this hole is considered 
as the open end. We then must add a pipe, of same diameter d 
as the hole, and of length 0.4 d, on both sides of the plate. It will 
be found this way, that the smaller the hole, the more effective 
is the mass in the added pipe, and consequently the lower is the 
natural frequency. 

Mr. Tichvinsky questions whether the simplicity of the polar 
diagram is at the expense of accuracy. This is not the case. 
With a careful graphical construction the error should be less 
than 1 per cent and if that is not satisfactory, it is quite simple to 
calculate the steps of the diagram, if necessary with logarithms. 
Usually that does not serve any, purpose, however, because the 
engine does not behave that accurately. 

Compared to other published methods, the polar diagram is 
more accurate because it takes account of the inertia and the 
compressibility of the air throughout the system. In other 
methods, the inertia in exhaust pots or other large volumes is dis- 
regarded. The error involved is small, but the polar diagram 
takes care of the inertia automatically. 

It is interesting that Professor Maleev has found the polar dia- 
gram useful and time-saving. That is what the author hoped to 
accomplish with this paper. 
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Substitution of Lower-Quality Industrial 


Diamonds in Diamond Dresser Tools 


By H. WHITTAKER,! CRANFORD, N. J. 


A shortage of grinding-wheel dresser diamonds, which 
threatened the war effort early in 1942, led toaninvestiga- 
tion of lower-quality diamonds hitherto not used for 
dresser tools. According to estimates made available by 
the British Ministry of Supply to the War Production 
Board, the supply of those qualities and sizes of industrial 
diamonds preferred and used in large quantities for truing 
and dressing abrasive grinding wheels was expected to be 
critical. The War Metallurgy Committee on the recom- 
mendation of the Office of Production Research and De- 
velopment of the War Production Board undertook a 
study, as “restricted”? Project NRC-507, to determine if 
lower-quality, more plentiful stones could be substituted 
for the preferred qualities and sizes for some or all wheel- 
truing and dressing operations. The investigation was 
carried out in the Research and Development Laboratories 
of the Crane Company, Chicago. This paper, based on 
that work, has been released for publication by the OPRD. 
In the first part of this investigation, a survey of users of 
diamond dresser tools established definitely that the 
higher qualities were preferred and used almost exclusively 
for dressing grinding wheels. The results of this survey 
and a review of the literature on the practices and the 
factors which influence the use of dresser tools were re- 
ported in a previous paper.’ In order to provide positive 
information on the possibilities of using lower-quality 
stones, it was necessary to classify the seemingly infinite 
variety of industrial diamonds according to distinguishing 
characteristics and to test each type under controlled 
conditions which simulated grinding practices. 


EXAMINATION AND CLASSIFICATION OF INDUSTRIAL DIAMONDS 


RACTICALLY the entire production of industrial diamonds 
P: distributed in bulk by the Diamond Trading Company, 

London, in the form of six general classified assortments. 
These assortments, from highest to lowest in value, are known 
commercially as ‘industrial serie,” ‘‘finest industrials,’ “‘in- 
dustrial smalls and mine rejections,” “industrial cleavages and 
chips,”’ “better bort’’ (not distributed in quantity at present), 
and “erushing bort.”’ 

The “industrial serie’ contains the better, whole, mostly trans- 
parent stones from all producing areas. The stones are classified 
according to size, color, shape, and quality, and range in size 
from about 0.25 carat to 7 carat. 

The assortment known as “finest industrials” is made up from 
the production of Consolidated African Selection Trust and Gold 
Coast fields. It contains whole stones, twinned crystals, called 


” 


1 Consulting Engineer. Mem. A.S.M.E. 

2 “Substitution of Lower Quality Diamonds,’’ War Metallurgy 
Committee Progress Report W-57, Nov. 6, 1943. 

Contributed by Special Research Committees on Cutting Fluids 
and Metal Cutting Data and Bibliography and presented at a Meet- 
ing of the Chicago Section, Chicago, Ill., June 18-19, 1945, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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macles, flats, and a fairly large number of chips, or fragmented 
stones all in small sizes averaging about 0.05 carat, with some 
stones as large as 0.25 to 0.5 carat. 

“Tndustrial smalls and mine rejections” is roughly 70 per cent 
C.A.S.T. production with the balance from Forminiere and 
Angola. The stones are all under 0.1 carat in size down to fine 
“sand” 60 per carat. Over one half the assortment is made up 
of chips and fragments dark in color, and the remainder is whole 
stones transparent to dark colored. , 

“Industrial cleavages’ range from transparent to colored frag- 
ments, as opposed to single, whole stones, in all sizes. Darkest 
colors and frosted and coated fragments are usually not included. 

All of the remaining materials from all producing areas not in- 
cluded in the foregoing assortments are lumped together in 
“erushing bort,”’ which is intended for crushing to powder. The 
dark-colored coated fragments and stones characteristic of the 
Belgian Congo predominate in crushing bort; and for this reason 
the term crushing bort is often used synonymously with Belgian 
Congo. ‘Better bort” consists of the single, whole, and sound 
stones selected from crushing bort. 

The main source of dresser-tool stones is the industrial serie. 
The most plentiful sources, and practically the only sources, of 
substitutes for dresser-tool stones over 0.25 carat in size to sup- 
plement the supply are crushing-bort and better-bort assort- 
ments. Samples representing the preferred types of dresser 
stones and the possible substitutes were obtained for testing. 
Stones were selected from 15 of the 32 categories in the industrial 
serie. These categories were second yellow, first and second 
colored, first gray, first brown, dark and darkest brown, first and 
second gray brown, second river, and common gray colored 
rounds, first yellow, first brown, first gray, and second gray 
shapes. A few samples of “cleavages” were obtained, representa- 
tive of the classifications known as colored, first and common 
gray cleavages. A 5000-carat parcel of bort completed the 
sampling of materials. It was made up of selections from 
crushing bort and better bort and it covered most of the varieties 
found in these assortments, such as common coated stones, 
common coated cleavages, black-bort stones, and colored-bort 
stones. 

Representative samples of each of the different categories 
were examined with a binocular microscope, a petrographic 
microscope, and other methods for soundness and distinguishing 
characteristics. The higher-quality stones in the industrial serie 
were transparent whole stones of definite crystal habit. Most 
of the stones contained small inclusions and several stones were 
fractured internally. The lower-quality stones in the serie were 
darker in color, of low transparency, and they contained inclusions 
in fairly large amounts. The crystal habit of the lower qualities 
was not so well defined, and these stones had more striated and 
irregular surfaces than had the other qualities. Three quarters 
of the transparent stones showed fluorescence, which varied in 
degree from vivid to pale shades of blue and yellow, when the 
stones were exposed to the light of a mercury-vapor lamp. About 
one half of the stones exhibited phosphorescence. A majority 
of the diamonds examined under polarized light showed the 
presence of internal strain. Density measurements made by 
the immersion method using carbon tetrachloride on about 50 
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of the larger stones gave values of density ranging from 3.510 to 
3.526 on the basis of water at 4 C. ‘ 

In contrast with the samples from the serie, a majority of the 
stones examined from the bort assortment were translucent to 
opaque; the degree of opacity appearing to vary with structure 
and crystal habit. Most of the stones were well defined in 
erystal habit. A considerable number of the stones consisted of 
cleavages, fragments, and aggregated crystal masses. Those 
stones that were sufficiently translucent to enable internal in- 
spection were observed to contain large areas of inclusions. 
Only about one fifth of the opaque coated stones examined 
showed fluorescence of dull intensity, and a few showed phos- 
phorescence. A few of the more opaque stones were radiographed 
to determine whether internal defects could be detected by this 
method. The stones were immersed in Russian mineral oil in 
cellophane containers and exposed for 5 sec at 5 in. foeal distance 
to unfiltered X rays produced by a molybdenum target operated 
at 20 kv and 18 ma. The resulting shadowgraphs, several of 
which are given in Fig. 1, indicated that it may be possible to 
detect flaws and inclusions in opaque stones by this method. 
However, the detection of small inclusions of foreign elements 
having low absorption coefficients comparable to carbon is not 
possible; and thus limitations may be placed on the usefulness 
of radiography. 

It was desirable to supplement the present commercial classifi- 
cation, which is rather loose, with a classification which would 
make possible closer distinctions among the various types of 
diamonds for testing purposes. While the physical properties 
of diamond establis’ its suitability for wheel dressers, varia- 
tions in structural characteristics and soundness are the criteria 
for selection of individual stones. 

The structural characteristics and factors to be considered are 
as follows: 


Wholeness; whole stones or fragments. 
Crystal habit; largely determines shape. 
Opacity; degree of impurities. 
Homogeneity; continuity of structure. 
Soundness; number of fractures and cracks. 
Size. 
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Compared with the present loose classification, crystal habit 
is analogous to shape, quality is a combination of wholeness, 
opacity, homogeneity, and soundness, and color is partially analo- 
gous to opacity. Practically all of the industrial serie stones 
were whole single crystals of definite crystal habit. Of the 5000 
carats of better and crushing bort available for this investigation, 
about 3000 carats were whole stones. Well over 90 per cent of 
the bort exhibited definite crystal habit. One half of the whole 
stones were single crystals, 17 per cent were twinned crystals, 
30 per cent were aggregated crystal masses, and 3 per cent were 
of no discernible crystal habit. 

It was observed that the stones occurred in one of three crystal 
forms: Octahedron, dodecahedron, and cube, and combinations 
of these forms. No other crystal forms were evident except 
modification to tetrahexahedron. Thirteen classes, grouped 
under five general headings, illustrated in Figs. 2 and 3, were 
defined which served to include all of the observed forms and 
combinations, as follows: 

Dodecahedron. Class No. 1, “‘distorted dodecahedron:” Ellipti- 
cal, dodecahedron crystals lengthened in the direction of trigonal 
axis of symmetry with faces more or less modified to tetrahexa- 
hedron. 

Class No. 2, “normal dodecahedron:’’ Symmetrical dodeca- 
hedron crystals with or without curved faces resulting from 
tetrahexahedral influence. 

Octahedron. Class No. 3, “octahedron - dodecahedron:’’ 
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Twenty-faced combination octa-dodec crystals with octahedron 
faces usually curved and shieldlike. 

Classes No. 4 and No. 5, “octahedron:” Octahedron crystals 
with or without rounded faces caused by transparent or glassy 
growth plates, and giving rise to striated edges. 
except growth plates are translucent. 

Combination Octahedron, Dodecahedron, and Cube. Classes 
Nos. 6 to 9 constitute a series between an octahedron and a cube 
with the sizes of the octahedron faces decreasing as the cube faces 
increase, the dodecahedron faces varying accordingly: No. 6 
octahedron faces large, others small; No. 7 octahedron faces 
large, other faces larger, but not as large as the octahedron faces; 
No. 8 equal-sized octa-dodec-cube faces, which configuration 
produces a spheroidal stone; No. 9 minor octahedron and do- 
decahedron faces relative to cube faces. 

Cube. Class No. 10 and No. 11, “cube: Six-sided crystals 
with rough terraced growths on faces. No. 11 has convex, con- 
cave, pyramidal, or flat faces. 

No Definite Crystal Habit. Classes No. 12 and No. 13, no habit: 
Crystal habit not evident with glassy or transparent rind. No. 13 
has translucent to opaque coating or rind. 

Opacity, degree of diaphaneity or ability to transmit light, is a 
measure of the amount of impurities in the form of dispersed 
included matter. A scale was set up based on the amount of 
light transmitted through a stone using a 10-w Mazda lamp con- 
tained in a white-walled box covered with a '/s-in-thick sheet of 
opal glass. An opaque stone that did not transmit any light 
under these conditions was assigned a value of 7 and a water- 
white stone was assigned a value of 1. Five other stones having 
equal intermediate steps of increasing opacity were selected to 
serve as standards of comparison to give a complete graded 
range of opacities. 

Homogeneity, or continuity of structure was observed to be 
related somewhat to crystal habit and opacity. A large number 
of stones which fell in classes 6 to 9, ‘‘combination octahedron- 
dodecahedron-cube,”’ and which had high opacities 4 to 7, con- 
sisted of a transparent octahedron crystal nucleus surrounded 
by a secondary growth containing large amounts of inclusions, 
thus giving rise to a discontinuity in structure at the interface 
between core and rind. The thickness of the secondary growth 
appeared to be rather definitely related to the width of the dodeca- 
hedron face in the ratio of 0.4-0.7 to 1, depending on the extent 
of rounding of the face. Transparent crystals, classes 1 to 5 in 
particular, appeared to be built up of layers on a basic octa- 
hedron form. The interfacial boundaries in this case do not 
result in as marked a discontinuity in structure because the 
primary and secondary growths are about equal in composition. 

During the detailed examination of over 5000 carats of bort 
and higher-quality material, a great deal of evidence was found 
in support of the theory of diamond-crystal formation stated by 
Polinard, ‘“‘one might explain that all forms of diamonds are due 
to the development and to the piling up of octahedron plates 
which superimpose themselves on the faces of an octahedral 
nucleus.”’ 

Soundness is used to indicate the number of weaknesses which 
may be contained in a stone as a result of cracks, fractures, and 
fissures. The soundness of transparent stones can be judged by 
inspection with a microscope using suitable lighting. Radiog- 
raphy may be of some assistance in detecting flaws in opaque 
stones which cannot be inspected by ordinary means. The 
Norton Company has used an impact test to grade bort for suita- 
bility for dresser tools with fair success. That firm has tested 
samples of most of the classes herein described. According to 
the results of these tests, the impact resistance of single crystals 
averaged higher than either twinned or aggregated stones in like 
classes. Discernible differences in impact resistance were ob- 
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Class No. 11 
Opacity—7 
Opaque Cube 


Diamond inclusion 


shown 
Class No. 6 
Opacity—4 


Opaque Combination 


Class No. 4 
Opacity—5 
Opaque Octahedron 
Inclusions shown 


Class No. 11 
Opacity—3 
Translucent Cube 
No inclusions 


Fic. 1 RaproGRaPHs or Opaque D1aAMoNnpDs 
(The black outline which surrounds the radiographs is caused by aluminum foil which was used to support the stones.) 
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Class No. 1 Class No. 2 Class No. 3 
Opacity—1 Opacity—1 Opacity—1 
Distorted dodecahedron Normal dodecahedron Octahedron-dodecahedron 


Class No. 4 Class No. 5 Class No. 6 
Opacity—2 Opacity—3 Opacity—4 
Octahedron Octahedron Combination habit 


Transparent growth 


Class No. 7 Class No. 8 Class No. 9 
Opacity—4 Opacity—3 Opacity—4 
Combination habit Combination habit Combination habit 


Fic. 2. ILLUSTRATIONS OF CLASSES OF DIAMONDS 
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Class No. 10 Class No. 11 Class No. 11 
Opacity—3 Opacity—2 Opacity—1 
Cube Cube Cube 


Class No. 11 Class No. 6 Class No. 6 
Opacity—7 Opacity—4 ? Opacity—5 
Cube Combination habit Combination habit 


Coating broken away 
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tained for six classes tested. The more rounded stones ex- 
hibited greater resistance to impact than did stones having sharp 
corners. The classes fell in the following order: Classes Nos. 9, 
8, 7, 6, 10, and 11, from 92 per cent unbroken grain to a low of 
50 per cent unbroken grain. It may be possible to adjust the 
impacting force to just destroy flawed and weak stones without 
damaging sound stones and thus produce a sharper and more 
efficient separation. 

The classification herein proposed and used experimentally on 
over 5000 carats of industrial diamonds accounts for the most im- 
portant factors which are thought to influence the utility of in- 
dustrial diamonds for dressing purposes. Whereas, further 
refinements may be needed, it is flexible and allows for all possible 
types and combinations of crystal form, structural differences, 
and degrees of impurities. The author has examined, in addi- 
tion to the materials herein described, original parcels of all 
assortments among which he has not found any stones that could 
not be fitted into this classification, in particular with respect to 
crystal habit. 

A stone may be completely defined for the purpose by designat- 
ing (1) the class number, from 1 to 13, which defines its crystal 
habit and shape; (2) the opacity number, from 1 to 7, which 
indicates degree of impurities; (3) the extent of flaws; and in 
addition, (4) by indicating whether a whole stone, a fragment, a 
twin or an aggregated crystal mass. Industrial-serie materials 


Coating broken away 


ILLUSTRATIONS OF CLASSES OF DIAMONDS AND CoaTep STONES 


fall in classes 1 to 4 in the lower opacities, numbers from 1 to 3, 
with some exceptions; for example, dark-brown rounds having an 
opacity of 5. The major portion of material in crushing bort 
falls in classes 6 to 9 and higher opacities, numbers from 3 to 7. 
Minor amounts fall in classes 3 to 5 and 10 to 13. 


GRINDING-WHEEL DrEssER-ToOoL Test METHOD 


To compare the different varieties of diamonds as to their rela- 
tive suitability for dressing grinding wheels, a test method was 
developed for the rapid quantitative determination of the rate of 
wear under simulated shop-dressing conditions. The test con- 
sisted of the continuous dressing of a 1-in. face-grinding wheel, 
the periodic measurement of the amounts worn off the diamond 
and the abrasive wheel, and careful observations of changes in 
shape and chipping of the diamond point. The essential parts 
of the test apparatus, shown in Fig. 4, were a heavy tool holder, 
specially designed to allow for any desired setting of drag, rota- 
tion, and traverse angles, mounted on the table of a Brown and 
Sharpe No. 2 cylindrical grinder with automatic feed, counter, 
speed control, and fluid system for wet dressing. The diamonds, 
which ranged from !/2 to 1 carat, were set by the powder hot- 
press method in a large-head steel shank. The shank was 
7/,in. long, !/:in. diam at the head, and !/,-in-diam shaft. 

To save time and also to enable an inspection of the stone as 
wear took place, the loss on the diamond was measured by means 
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Fic. 4 Wear-Test APPARATUS 


of a graphical method. The diamond point in its shank was 
projected on a screen at X100 magnification and the profile 
recorded. After testing, a second profile was made in the same 
position over the first projection. The difference between the 
two profiles was a measure of the loss in height because of wear. 
The area of the flat generated on the diamond point was traced 
at X100 magnification using a reflection microscope and a 
reflex camera and was measured with a planimeter. Height loss 
and area measurements are all that are needed to compute the 
volume loss, provided the shape of the removed portion is known. 
The volume loss was then converted to weight loss using 3.52 
for the specific gravity of the diamond. The computed weight 
loss of the diamond in carats was divided by the volume in cubic 
inches removed from the grinding wheel to give the “unit of wear 
rate.’ Since the order of magnitude of the unit of wear rate 
was ten hundred thousandths of a carat per cubic inch, the nota- 
tion ct. X 10~5/cu in. was used, that is, the unit was multiplied 
by 100,000 in order to express the result in terms of whole num- 
bers. 

The test procedure had the advantage of savings in time and 
materials, but precision was sacrificed to some extent. By 
means of this testing procedure a diamond could be tested under 
almost any combination of conditions that might be encountered 
in practice in about a day and a half. To do the same job by 
weighing would consume 5 times as many test wheels and would 
take a week, because of the larger amount of diamond that must 
be worn off to enable an accurate weight determination. The 
greatest source of error was in the assumption of the shape of the 
solid removed in making the volume-loss computation. 

Since the actual shape of the solid figure removed from the 
point of the diamond would be some shape between that of a 
sharp-sided pyramid and a segment of a sphere of equal heights 
and base areas, depending on how close the assumed shape is 
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to the actual shape, the error can be as great as 20 per cent. This 
was checked experimentally by testing a number of stones suffi- 
ciently to enable accurate weight-loss determinations, and in 
most cases the wear rates determined by weight and by com- 
puted volume were well within the possible error of 20 per cent. 
Therefore, for purposes of comparison in this investigation, dif- 
ferences less than 25 per cent, roughly 5 X 10~*ct./cu in, (0.00005) 
were not considered significant; two stones of 15 and 20 X 
10-5 ct./cu in., respectively, would be considered alike in so far 
as could be determined. 

Of interest in the establishment of a set of standard test condi- 
tions for comparison of diamonds and also of practical value were 
the tests that were made to learn the effects of the many factors 
which may influence the rate of wear of diamond dressers in the 
dressing operation. These factors had to be controlled in order 
to place the test results on a comparable basis: 

1 One set of factors is determined by the conditions of opera- 
tion, such as loading of the wheel with metal, wheel speed, rate 
of traverse, feed, and use of a coolant. In practical grinding 
operations the grinding wheel is dressed and trued after the 
wheel has been loaded with metal and the edges are broken down 


from the grinding of work. No appreciable difference in wear 


rates was found when a wheel was dressed after it was loaded 
with metal by grinding a number of pieces of hard tool steel and 
when the wheel was dressed without loading. Changing wheel 
speed from 4000 to 6000 fpm had very little effect on wear rate. 
Nor did varying the rate of traverse between 0.001 and 0.003 in. 
per revolution affect rate of wear to any great extent. Contrary 
to expectations, a 0.001-in. feed caused 11/2 times the wear rate 
of a 0.005-in. feed. However, it will be noted that for each pass 
a 5 times greater volume of grinding wheel is removed with a 
0.005-in. feed. Thus the average loss per pass was 3 timgs as 
great for the 0.005-in. cut as for the 0.001-in. cut. Observations 
on the durability of diamond dressers in the shop are usually 
based on the number of dressings. The feed used would 
have an important bearing on the comparisons. A considerable 
difference in wear rate was observed between wet and dry dress- 
ing. The average rate of wear on nine stones when the wheel 
was dressed dry was 20 X 10>* ct./cuin. and was only one fifth as 
great, 4 X 1075 ct./cuin., when the tools were flooded with water 
at the rate of 7200 cc/min. The difference tended to become 
slightly greater as grit size was decreased. Average values ob- 
tained for 36, 60, and 120-grit vitreous wheels were 27, 18, and 
8 for dry dressing and 6, 4, and less than 1 for wet dressing, 
respectively (all X 1075 et./cu in.). 

2 Another set of factors is introduced by the variations in 
types of grinding wheels. The grinding-wheel factors are grit 
size, grade, type of bond, type of abrasive, and size. The rate 
of wear may be affected as much as tenfold over the range of 
types of grinding wheel. The rate of wear increased as grit size 
increased. A soft grade (Norton 60I5BE) wheel abraded the 
test diamond at the rate of 7; a medium grade (Norton 60M- 
5BE) at 11; and a hard grade (Norton 60P5BE) at 13, * 1075 
et./cuin. Of all factors in the wheel, the type of bond had the 
greatest effect on wear rate; for example, vitreous-bonded wheels 
are up to 10 times as abrasive to the diamond as are resin- 
bonded wheels. The effect is less marked for fine grits, soft 
grades, and wet dressing, but is still of the order of fivefold. The 
two types of abrasive aluminum oxide and silicon carbide have 
similar effects on wear rate. That the size of the grinding wheel 
influences wear on the diamond was apparent from the results of 
tests on a 20-in. X 6-in. wheel. The average wear rate of 10 
stones was 19 X 1075 ct./cuin. as opposed to 4 X 10>5 ct./euim. 
obtained on a 12-in. X 1-in. wheel, both dressed wet. The increase 
in wear rate with size of wheel is due, possibly, to the increased 
time of continuous contact of the wearing surfaces, and the 
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TABLE 1 DIAMOND-DRESSER SHOP TESTS ON HEAVY AND LIGHT GRINDERS 


Tests made by 


Initial weight, carats.............. 3.1 
Final weight, carats............... 2.59 
Loss in weight, carats............. Oat 
Cincinnati 
Centerless 
Number of dressings......... 1532 
Volume of wheel removed.......... 2514 


Wear rate, ct. X 1075/cuin........ 20.1 
Work ground.............. Valve stems 


tendency of the area of the wearing surface of the diamond to 
increase, both resulting in higher temperatures on the stone. 
The effect of wheel size was further demonstrated in results of 
shop tests given in Table 1. These results also served to indi- 
cate that the order of magnitude of wear rate under the test 
conditions was the same as under shop conditions. 

Thus it appears that the rate of wear of diamond dressers is 
considerably influenced by the conditions of use. The tests, 
while preliminary, served to establish in a general way the wide 
range of wear rates that may be encountered. The wear rate 
may vary between I and 40 X 10>5 ct./cu in. depending upon the 
combination of conditions and may be as high as 100 X 1075 
ct./euin. under particularly severe conditions. For most dressing 
operations the average combination of conditions produces a wear 
rate of 15-25 & 10° ® ct./cuin., and this would be a good figure to 
keep in mind, or about 20 X 10°5 carat per dressing, since be- 
tween '/, to 1 cu in. is removed per dressing from medium-sized 
wheels. Consumption of one half of a 1-carat stone should pro- 
duce about 2500 dressings. To produce a reasonable number of 
dressings per tool, the size of the stone must bear some relation 
to the rate of wear for the conditions of use. This does not mean 
that for double the rate of wear, the stone should necessarily be 
doubled in size, but a certain minimum size is required. How- 
ever, factors other than the rate of wear must be considered in 
determining the proper size to be used. 

Another factor which has received very little attention is the 
effect of the shape and size of the stone on the finish imparted to 
the wheel for different classes of grinding wheels and work. Also, 
the size and shape of the stone are important in connection with 
form-grinding. When these effects are known more precisely, 
size and shape specifications can be developed which should lead 
to more efficient and economical use of diamond dressers. Of 
interest in this connection was the observation that in the dressing 
operation the wear on the diamond progresses across the flat in 
the form of a ridge as the diamond is traversed across the wheel, 
starting at the point of first contact with the wheel (see Fig. 5). 
The ridge may be compared with the broad cutting edge of a 
chipping tool. Thus the main working area of diamond is 
roughly the length of the developed ridge, which extends across 
the flat, X the width of the ridge, which usually measures 
less than 1 mm. The remaining areas do, however, maintain 
some rubbing contact. Recognition of this mechanism of cut- 
ting and wear involved may lead to improved designs of dresser 
tools. 


Wear TEstTs ON VARIETIES OF INDUSTRIAL DIAMONDS 


Representative samples of the various classes of industrial 
diamonds were tested under controlled standard conditions 
designed in conformity with the foregoing findings to reproduce 
average shop conditions. A 1-in-wide by 12 in. to 7-in-diam, 
60-mesh-grit medium-grade vitreous-bonded aluminum-oxide 
grinding wheel was dressed dry; the speed of the wheel was 
maintained at 5000 fpm; and the tools were traversed, with a 
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6690 103 72 
3.9 0.725 0.688 
3.83 0.720 0.685 
0.07 0.005 0.003 
Mattson Heald Heald 
Surface Internal Internal 
20 X 3 31/2 X 2 31/2 X 2 
36 60-— 60- 
243 810 516 
2 3and 1 3and1 
0.002 0.003 and 0.001 0.003 and 0.001 
184 141 90 
3 3.6 3.3 
Toggle-valve 6-In. gears 6-In. gears 
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GRINDING WHEEL 


drag angle of 15 deg across the 1-in. face of the wheel at a rate of 
0.0015 in. per revolution for six to eight runs of 50 passes each. 
The amount of wear was measured after each 50 passes, and the 
tool was rotated to a new position for each run. 

The results of the tests on 60 diamonds are listed in Table 2 
on an “adjusted” basis and on an “‘over-all’”’ basis. The “‘ad- 
justed” value of wear rate is derived by excluding values of runs 
in which chipping occurred and in which “soft” directions hap- 
pened to be struck to give abrupt increases in wear. This latter 
effect was an indication that the variation in hardness of diamond 
influences the performance of dresser tools; for, when the 
orientation of the stone during a run happened to coincide 
roughly with the so-called soft direction, almost invariably 
the wear rate for the run was high and the flat usually had a 
polished or shiny appearance. The soft directions are crystal- 
lographically the same directions that the gem cutter uses in 
lapping on the facets of a cut stone. Analysis of a large number 
of runs on a large number of stones indicated that the rate of wear 
on the soft directions was on the order of 3 times as high as on 
the other or “hard’’ directions. 

Incidentally, when a slight drag angle is used in the dressing 
operation, setting of the diamond with a crystallographic axis 
parallel with the axis of the tool would tend to avoid the possi- 
bility of striking soft directions as the tool is rotated to new 
positions; and thus the best results would be obtained. 

Reference to Table 2 will indicate that the results on the 
‘‘adjusted”’ basis show definitely that many of the lower-quality 
diamonds are as resistant to abrasion by grinding wheels as are 
the higher-quality stones. Taking each class as a whole, there 


were no distinct differences among the classes. The wear rates 
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TABLE2 WEAR RATE OF DIFFERENT TYPES OF INDUSTRIAL DIAMONDS 


TRANSACTIONS OF THE A.S.M.E. 


JANUARY, 1946 


CRYSTAL | OPACITY STONE WEAR RATE 
GROUP | CLASS No. NO. D.T.C. CATEGORY | ADJ.+) OVERALL<| CHIPPING 
ik a. lst Brown Round 102 20 49 None 
e 1 2 lst Yellow Shape 111 36 38 None 
rl 2 Common Grey 141 31 37 None 
| Ys 2 lst Grey hound 93 14, 12 None 
s 2 2 lst Colored Round 1 13 1l None 
4 2 2 lst Colored Round 9 10 10 None 
3 2 2 Common Coated i None 
Qa 2 2 2nd Grey Brown 63 ll 16 None 
a 2 2 2nd River Round 70 16 2 Chip 
2 4 Darkest Brown Round 43 15 14 None 
3 1 2nd Yellow Round 126 2k 4l Small Chip 
1 2nd Grey Shape 78 1l 46 None 
3 ct lst Grey Round 97 2h None 
3 2 2nd Yellow Round 8L, i2 32 None 
3 2 lst Cleavage 139 16 50 None 
3 2 Dark Brown Round 37 al 19 None 
3 3 Black Rejection 273 10 5 Chip 
L 1 lst Brown Shape he 18 23 Chip 
4 Colored Cleavage 136 li, 108 Many chips 
a 4 1 Cut Gem Stone 158 12 18 Chip 
2 4 2 lst Grey Shape 12 32 34 Crumbled 
= 4, 2 lst Grey Brown 52 16 20 Chips 
8 L, 2 2nd Grey Brown 61 2 21 None 
4 Bleck Rejection 283 ll 8 None 
a 4 6 Black he jection 284, 12 30 Chip 
5 5 Common Grey Colored 2 GS 31 Large Chip 
5 5 Black Bort Stone 156 36 52 Large Chip 
6 2 Common Coated 272 -- -- Large Chip 
6 3 Common Coated 275 12 18 None 
6 4, Colored Bort Stone 281 18 L2 None 
6 L Common Coatec 15 18 10 None 
6 L Colored Bort 250 20 -- None 
2 6 6 Colored Bort Stone 164 13 2k None 
& 6 7 Black Bort Stone 286 9 9 None 
é 7 2 2nd Colored Round 16 10 9 None 
o 7 4 Common Coated 160 10 37 Crumble 
& 7 4 Common Coated 276 13 15 Chip 
By 7 4 Common Coated 152 30 , $3 Chipping 
53) 7 5 Common Coated 169 | 13 38 Crumble 
- 7 5 Colored Bort Stone | 144 9 12 Small Chip 
Ss 7 5 Black Rejection 279 26 2 None 
pe) 7 5 Common Coated 282 | 29 356 Chipping 
5 Common Coated 174 ll None 
2 7 7 Black Rejection 148 22 160 Large Chip 
B 8 4 Black Bort Stone 277 31 78 Chip 
- 8 7 Black Bort Stone 150 lu 290 Large Chip 
ro 8 7 Black Bort Stone 287 4,7 353 None 
“3 5 Colored Bort Stone | 278 22 22. 
ll 2 lst Colored Round 7 36 42 Large Chip 
cel 2 Common Coated 270 13 15 None 
a2 2 Common Coated 269 14 29 None 
1l 2 Common Coated 163 18 -- None 
m 11 3 Common Coated 167 23 41 Many Chips 
& 11 3 Common Coated 27h 21 59 Chips 
1 Colored ‘Bort 162 22 None 
6 Black Rejection 285 24 Chip 
ll 6 Colored Bort 280 25 37 None 
2 Z Black Rejection 289 18 38 Chips 
s 12 3 Common Coated 14,3 14, 15 None 
ms 12 6 Black Rejection 290 BI 5h, Crumble 
13 7 Black Rejection 288 2k 69 None 


1 Adjusted wear rate in carats loss per cubic inch of wheel removed X 1075, 


values due to wear on soft directions, chipping, crumbling, etc. 


2 Over-all wear rates in carats loss per cubic inch o 


weighing stones before and after testing. 


wheel removed X 1075, 


Values are adjusted to exclude high individual 


Values are actual over-all wear based on 
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adjusted basis, in each group varied from about 10 to 25 and 
averaged 18 X 10~* ct./cuin., with a few scattered values above 
30 X 10~* ct./cu in. in each group. 

The “over-all” wear rate differs from the adjusted wear rate 
in that it was based on the total amount of diamond lost and 
included loss due to wear in all positions, chipping, and crumbling. 
The difference in rate between over-all and adjusted wear rates 
might be thought of as a measure of the structural failure which 
takes place. Excessive over-all losses, values over 40 X 1075 
ct./eu in. in Table 2, shown by a number of stones in all classes, 
were caused in most cases by chipping and crumbling of localized 
areas. This excessive over-all rate was more prevalent among 
the lower qualities, classes 4 to 11, than among other qualities. 
On the other hand, many of the lower qualities did not exhibit 
chipping or localized increases in wear, and the over-all wear 
rates were essentially equal to the adjusted wear rates. 

In the progress of this research it became more and more appar- 
ent that the chief factor involved in the use of diamonds for wheel- 
dressing purposes is the ability of the stone to withstand fracture. 
Structural weaknesses of diamonds which may be potential 


sources of failure are the same as those for other crystalline ma- 


terials, such as cleavage planes, twinning planes, internal frac- 
tures, incipient cracks, inclusions which act as loci of stress 
concentrations. To this list should be added the interface be- 
tween the interior crystal and the exterior, or later growth, which 
is often of a dissimilar color, characteristic of coated stones. 
Relatively easy parting in the octahedron plane known as cleav- 
age follows from the diamond structure. All! that is needed is a 
sufficient force applied in the proper direction to cause cleavage. 
Incipient cracks in the cleavage directions increase the tendency 
to cleave and are potential sources of failure. Large inclusions 
of dissimilar material may be causes of failure, in particular, 
under thermal stresses. Flaws and internal fractures are poten- 
tial starting points of failure. 

What has been said of cleavage planes is also true of twinning 
planes. Diamond twins are common with the twinning plane 
parallel to the octahedron face. These are known as contact or 
spinel twins. In the trade the stones are called macles. Judging 
from the structure of the so-called coated stones, the interface 
between the interior crystal and the coating, or secondary 
growth, may be a plane of weakness. Pieces of the coating are 
likely to be pulled out when the stone is worn to expose the in- 
terior crystal. It would be expected that the position of the 
plane of weakness in the stone would be important. The further 
from the working point that the flaw, or plane of weakness, is 
removed, the less should be its influence. The setting metal and 
method is important in that a stone well supported at all points 
is less apt to fail through a plane of weakness. 

To test for strength, in particular, the effect of weaknesses in 
structure, a large number of runs must be made to wear the stone 
down and expose the planes of weakness; and also, long use may 
develop cracks from continuous shocking. While the laboratory 
test was quite severe in that no coolant was used, the amount of 
abrasive wheel removed was small, and very little of the diamond 
was consumed in a test. In the life of a tool in the shop the 
number of passes is far greater by 50 to 100 times. Hence the 
chances of striking a plane of weakness in a stone are increased 
proportionately. In order to approach the requirement of a 
large number of dressings, tests were made with ten tools repre- 
senting the most important classes of stones on a Cincinnati 
centerless grinder. The conditions of test were essentially the 
same as those of the standard laboratory test except that a 
coolant was used and the wheel was much larger. Each tool was 
given at least 850 passes over the wheel, removing between 250 
to 270 cu in. of the wheel in a test. The amount of diamond 
consumed in each case was between 0.05 and 0.1 carat which 


amounted to 5 to 20 per cent of the stone, depending on the 
initial size. The results are listed in Table 3. 


TABLE 3 WEAR RATE ON VARIOUS CLASSES OF STONES WHEN 
TESTED ON CINCINNATI CENTERLESS GRINDER USING 20-IN. 
x 6-IN. WHEEL, WET DRESSING 


Wear rate—carat loss X 1075 per cu in. 

wheel removed 
Cincinnati centerless 

Standard labora- grinder test, 20-in. X 6-in. 


tory test wheel 
Class 12-in. X 1-in., Computed from Weight- 
no. wheel volume loss loss check Remarks 
2.2 12.5 8.4 
4.2 10.3 17.5 16.1 
4.3A 9.8 25.5 19.7 Some chipping 
4.5 10.5 23.4 17.6 Some chipping 
6.7 9.4 23.8 22.3 = chip at inter- 
ace 
7.4 12.9 15.8 94.2 Large chip — 0.14 
carat 
7.5A 25.8 14.0 30.45 — chip at inter- 
ace 
10.5 21.8 15.5 15.7 
10.6T 24.5 14.7 12.2 Fissure opened 
11.6 24.1 32.4 26.9 Some chipping 
Average 16.2 19.4 18.8 


® Large chips caused by high infeed on last run accounts for high wear 
rate on weight check. If chip of 0.14 carat is allowed for, wear rate is about 
25. 

+ Difference between computed and weight check can be accounted for 
with 0.03-carat chip. 


Here again, there was very little difference in wear rate, chip- 
ping excluded, between the types of stones tested. Two out of 
the eight lower-quality stones chipped quite badly. The chip- 
ping occurred when the stones were worn sufficiently to expose 
the core under the coating. Fig. 6 shows the chipping pro- 
gressively. Other coated stones were worn down to the point of 
exposing the plane between the primary and secondary growth 
but did not chip. Aside from failure by chipping it was observed 
that the wear rate did not change as the stones were penetrated 
from their exterior natural skins inward to depths equal to 50 
per cent of the radius. This observation is contrary to the 
opinion of the trade, which has maintained that the natural skin 
of the diamond is harder than its interior. 

Thus it appears that the performance of coated bort stones 
may be influenced by the thickness of the coating. When the 
coating is very thick in relation to the diameter of the stone, a 
large number of dressings at normal wear may be made before 
the interface is penetrated at which point chipping may or may 
not occur. Such chipping as may occur would then reduce the 
life of a stone by only a small amount. When the coating is 
relatively thin, flaking may occur after only a few dressings, but 
the life is not materially shortened since the chipping consumes 
only a small portion of the stone. 

The practicability of bort for dressing purposes was further 
demonstrated by the results of tests which were made by Norton 
Company. These results were especially helpful in providing 
practical confirmation of the laboratory tests, which confirmation 
would have entailed considerable time and effort to obtain. 
Forty-eight tools made with selected bort, similar to classes 6 to 9, 
were used under regular shop conditions on most types of grinders 
in general use for over a year. The tools were used to the limit 
of the setting, no attempt being made to obtain maximum use 
by resetting. Thus the tools were worn down until the stone 
dropped out of the setting. In one half of the tools, the residual 
stone was lost. The results of these tests are compiled in Table 
4 and are analyzed in Table 5. 

The average size of stone used in the tools was 1.28 carats. An 
average of 0.6 carat was consumed which produced an average 
of 2000 dressings. In all, upward of 100,000 dressings were made 
with the forty-eight tools and six are still in use, with about 20 te 
be reset. Fifty per cent of the tools performed as well as first- 
quality stones to give over-all wear rates of less than 40 X 107 
ct./cu in., and an average of 26 X 10-5 ct./ecuin. Chipping proba- 
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Weignts in Carats Weight Loss 
Tool No. Carats x 1075 | Wear 
No. | Initial | Final| Loss | Dressings| per Dressing Rate r 
1 5 3% 3000 33 [AR Pulled out 
2 1.46 6608 Still in use. 
1.00 288 996 88 118 Fragment 
4 1,67 i 3587 31.8 42.5 | Pulled out 
47 3787 16.6 | No a 
6 1,04 ehh 2 1382 £35 58.0 | High wear 
_1,08 1692 68.5 | Pulled out 
8 1,66 1).20 64.5 | High wear | 
10 36 1056 45,6 | High wear 
12} 1.16 270*} 46 354, 131 175 Fragment, 
13 1.25 | 967 82 10 
15 1.18 263 an 504 109 146 Fragment 
16 1.62 268 35 46.8 | High wear 
17 1.46 1116 Stijl in use 
18 1.01 222*| 79 31,60 23 31 ulled out 
9 1.10 1060 32,8 
20 295 560 Failed Setting 
21 1.42 -70 212 3270 22 29k 
22 1.1L 2616 19,3 2528 
23 1.31 | .71 2927. 23,9 32. | Norma], wear | 
2h FR e21* _ 323) 29.0 39 Pulled out 
25 1.22 | 62 2945. 20,9 27 Nomad wear) 
26 1,54 | 1451 103 ed out 
27 297 272 3526 47,5 | Pulled out 
28 1.25 11.15 20 1467 6,8 9,1 
i 3.19 | 1371 50 67 Pulled out 
_30 1,06 4458 Still in use 
1,02 455 1452 37.8 1 50.5 |High wear | 
32 264 333 _Failed Setting 
33 1.28 296 2062 20,8 | Norma) wear | 
3. 1.68 11.2 245 1250 36.4 48,6 | High wear 
1.16 209_| 1,07 1240 86,7 116 Fragment 
37 1691 6.2 8.3 
38 A 28,1 37,4 | Pulled out 
39 1,00 | 1070 76,6 | Pulled out 
L0 1,20 54% | 66 1237 53,0 71 _| Pulled out 
1.3% 791 Fajled Setting 
1.34 | | 86 2335 36.8 ulled out 
43 1,02 53* | 2335 21,0 28 Normal wear | 
1,05 1599 59.5 | Pulled out 
1. Still in use 
L6 670 205 Fragment 
Lg 1,53 24,30 Still in use 


* Final weight estimated from cavity in tool nib since tool was used to the limit of the setting and the residual stone 
‘ All other values are weights of residual stone. 
2 Wear rate in carats lost X 10-5 per cubic inch of wheel removed. Wear per dressing divided by 0.75 cu. in., the 


was pulled out and lost. 


average amount of wheel removed per dressing as estimated by Norton Company. 


bly accounted for most of the high losses obtained with 30 per cent 


of the tools. 


Ten per cent of the tools exhibited the exceptionally 


high average loss of 152 X 10~*ct./cu in. because the stones broke 
up into fragments. In all cases a fair number of dressings was 
obtained before failure occurred. All things considered, the 
coated Congo stones which were tested in the Norton shops per- 
Costwise, the comparison is in favor 


formed exceptionally well. 


of bort many times over. 
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TABLE 4 RESULTS OF SHOP TESTS ON DIAMOND DRESSERS USING SELECTED BORT BY NORTON CO. 


TABLE5 ANALYSIS OF ieee Sa SHOP TESTS ON SELECTED 


Average 
wear rate 
No. of | Per x 10-5 
tools cent ct./in.? 
Setting failed. 4 8 
Fractured to fragments... . 5 10 152 
Wear rate above 40, indicat- 
ing chipping and fractur- 
Wear rate below 40, indicat- 
ing normal wear......... 25 52 26 


Average number 
of dressings 
420 
750 


1450 
3000 
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After 637 passes 


After 756 passes 


After 900 pastes 


Fic. 6 Toou Wirn Coatep STONE, SHOWING PROGRESSIVE FRACTURING OF COATING IN Use; ABouT X6 


(Test conditions: Cincinnati centerless grinder, wet dressing, 20-in. < 6-in., 60!M30 Carborundum Company wheel, 0.001 in. feed, 
15-deg drag angle.) 


CONCLUSIONS 

The order of magnitude of the rate at which diamond wears 
when used to dress grinding wheels was established over the range 
of conditions encountered in dressing operations. A dressing of 
the average size and type of grinding wheel in the shop consumes 
about 0.0002 carat of diamond. A tremendous quantity of 
grinding wheel can be removed with a very small consumption of 
diamond; the ratio is on the order of 1 part diamond to 1,000,000 
parts grinding wheel by weight. The consumption of diamond 
may vary between less than 0.00001 to 0.0004 carat per cu in. of 
wheel removed, depending on the combination of conditions. 
Fine-grained wheels and resin-bonded wheels abrade diamond at 
a much lower rate than coarse-grained wheels and vitreous- 
bonded wheels. To obtain the best and most economical per- 
formance with diamond dressers, particular attention should be 
given to the selection of the most efficient feed consistent with 
requirements and the adjustment of the coolant in wet dressings, 
since these two factors have the greatest effect on wear. 

Grinding wheels can be dressed satisfactorily with lower- 
quality industrial diamonds. Results of laboratory and practi- 
‘al shop tests indicated that many of the so-called lower-quality 
types of stones, of which large quantities are available in better- 
bort and crushing-bort assortments, may perform as well as the 
higher-quality stones of the industrial-serie variety in a majority 
of standard dressing operations. The different varieties and 
types of diamond have essentially the same resistance to wear 
by abrasion of grinding wheels, when all factors are considered. 

Factors other than the resistance to wear are of greater im- 
portance in determining the suitability of individual stones for 
dressing purposes. Soundness and structural strength and 
the ability of individual stones to withstand chipping and crum- 
bling appear to be the limiting factors in their utilization. 

The selection of sound stones from bort is difficult, because 
of the wide variation and the opacity of bort. The uncertainty 


in performance usually associated with bort arises from this 
difficulty in selection, and this difficulty probably accounts for 
the preference in the trade for the so-called higher qualities 
which can be more readily inspected because they are trans- 
parent. Even so, it should be possible to select sufficient quanti- 
ties of single-coated stones from bort categories to make up 
shortages which may occur in the thirty-two categories of the 
industrial serie. 

Care is necessary in the selection of suitable stones from better 
bort and crushing bort. Solid appearing more or less sym- 
metrical whole stones, free from surface flaws, fissures, and 
granulated areas, octahedron to cubic in shape, may be expected 
to produce consistent results. Aggregated crystal masses, frac- 
tured stones, fragments and cleavages, can be used to dress 
grinding wheels, but their performance may not be entirely 
satisfactory because of a tendency to chip. 
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Measurements of Temperatures in 
Metal Cutting 


By A. O. SCHMIDT,' O. W. BOSTON,? ano W. W. GILBERT? 


Measurements of the heat developed in a metal-cutting 
operation, as well as investigation of cutting and chip 
temperatures by the authors have brought out that the 
chip temperature is uniform at the higher cutting speeds 
when all other conditions are kept constant. The tem- 
perature of the tool increases with the cutting speed, and 
the amount of metal removed before tool failure will 
generally be inversely proportional to the cutting speed. 


REVIEW AND Discussion OF Previous INVESTIGATIONS 


that the work done by a metal-cutting tool is transformed 
into heat which is carried away by the tool, workpiece, and 
chips. When the time of cutting is very short, the losses due to 
radiation, convection, and conduction are so small that they can 
be disregarded in most metal-cutting tests in which the calori- 
metric principle is applied. A comparison of the horsepower 
values in drilling, as computed from torque and thrust with those 
computed from the heat generated during cutting, showed that 
the calorimetric method gives results comparable to those of a 
well-calibrated dynamometer. 
When the quantity of heat in the chips only is measured with 
a calorimeter (2), the average temperature increase of the chip re- 
sulting from a cutting operation can be computed by the thermal- 
balance method: 


(AT) (chip weight) (specific heat) = (AT7’) (water equivalent 
of calorimeter, chips, and water) 
where AT’, = average temperature rise of chips, deg F; and 
' AT = temperature rise in calorimeter, deg F. 


Li a previous paper (1)* by the present authors, it was shown 


The foregoing formula does not take into account the change 
of specific heat with increasing temperatures. With the specific- 
heat values of gamma iron, a corrected maximum average chip- 
temperature value was computed for cutting tests in which the 
test-bar material was S.A.E. 1055. 

Boston and Kraus (3) evalusted cutting temperatures when 
machining an annealed low-carbon steel in a lathe at cutting 
speeds between 20 and 320 fpm. A constant depth of cut of 
0.150 in. and a constant feed of 0.030 in. were used. The cutting 
temperatures were measured with a thermocouple arrangement 
in which one element was the tool and the other the workpiece. 
These were calibrated in a furnace and the temperatures evalu- 
ated in millivolts. The temperatures obtained during cutting 
operations at different speeds are plotted in their paper and 
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indicate an increase in temperature from 650 to 900 F between 56 
and 115 fpm cutting speed.® For the cutting speeds between 
115 and 320 fpm, the cutting temperatures are reported as vary- 
ing between 900 and 1000 F, the maximum temperature of 1000 
F being obtained at a cutting speed of 210 fpm. 

Plotted on the same co-ordinates are chip temperatures de- 
termined from temper colors. Very little variation could be 
detected for the cutting speeds between 100 and 320 fpm, and the 
authors state in their conclusions: ‘“The temperature of the chip 
as determined by temper colors was changed less than 5 per cent 
in the range of cutting speed from 90 to 320 fpm.” 

This finding is supported by the measurements of chip tem- 
peratures with the calorimeter. The temperatures were de- 
termined as almost constant for the higher cutting speeds. This 
is not the case at the lower cutting speeds. Even though the work 
to remove the chip is the same, at a low cutting speed the work- 
piece and tool will conduct a higher percentage of the heat gen- 
erated in the chip because of the slow separation of the chip from 
the workpiece. 

Even though work, which is transformed into heat, must be 
done in metal cutting, it is possible to remove metal at extremely 
low speeds with a relatively low temperature increase in the chip. 
This is because the chip is separated slowly, and the heat in the 
chip is given a chance to flow into the tool and workpiece. It is 
recognized that at the low cutting speeds less heat per unit time 
is generated, although a larger proportion of this smaller amount 
of heat generated at low speeds goes by conduction into the tool 
and workpiece. At higher speeds the work done is nearly pro- 
portional to the increased cutting speed, and most of the heat 
developed is carried away with the chip because of the short time 
the chip is in contact with the workpiece and tool. Assuming 
that the energy or work required to remove a given amount of 
metal is the same regardless of the time involved in removing it, 
it follows that for a longer period of time, that is, at low cutting 
speeds, the heat per unit time is less. At higher cutting speeds 
the time to remove the chip is reduced, and the amount of heat 
developed at any one instant is higher. It is therefore held that 
the temperature of the tool is much higher at higher speeds than 
at low speeds because the work done per unit time is much greater. 
For this reason a tool will generally remove a greater amount of 
metal at low cutting speeds before failure than at high cutting 
speeds. 

The average chip temperature measured at higher cutting 
speeds is more uniform because there is less chance for the heat to 
travel into the tool and workpiece. On the other hand, as soon 
as the temperature at the cutting edge is equal to that in the 
chip, there will be no heat flow from the chip into the tool. 
The higher amount of work which is done per unit time at higher 
cutting speeds and the resulting greater amount of heat is also 
carried by a correspondingly larger weight of chips. 

When the cutting speed is increased, the tool will have to do a 
proportionately greater amount of work. This results in a tem- 
perature increase in the tool material. The heat will not be uni- 
form in the tool, but most intense near the point at which the 
cutting takes place. The zone which is near the cutting edge 


§ Bibliography (3), Fig. 12. 
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Fig. 1 Curves or CuHip TEMPERATURE Vs. CUTTING SPEED 


(From diagram by Boston and Kraus, reference 3, Fig. 12. The upper tem- 
perature line was determined by the tool-work thermocouple while the lower 
ones were estimated from the temper colors of the chips. Annealed 0,.21C 
steel, depth of cut 0.150 in., feed 0.030 in. per revolution. The dotted line 
indicates average temperature values at the low speeds.) 


will reach the highest temperature and will break down first. 

When using the tool-work thermocouple, Boston and Gilbert 
(4) came to the conclusion that the temperatures measured may 
be affected by changed electrical properties of the metal in the 
test log which is compressed and deformed by the tool point. 
However, this change of electrical properties is brought about 
not only by the changes in the test log but also by those in the 
tool. Because the thermocouple was calibrated with the tool and 
workpiece at the same temperature, the calibration was not made 
under the condition which generally exists in a metal-cutting 
operation. During cutting, tool and workpiece temperatures 
will vary, and at the higher cutting speeds the temperature of the 
tool will be higher than that of the chip. This is a condition 
which can hardly be obtained during the calibration of the tool- 
work thermocouple, and its readings in an actual test will not 
reveal true cutting temperatures. 


MEASUREMENTS OF Cu1p TEMPERATURES 


From the investigation carried out on the calorimetric prin- 
ciple, it was found that the cutting force for a particular radial 
rake angle and chip cross section has substantially the same 
value at any cutting speed (5). In the foregoing tests the cut- 
ting speed was varied between 100 and 800 fpm. 

At a cutting speed of 300 fpm, the tool forces were the same as 
those at 600 fpm. Since the maximum volume of metal re- 
moved with any test cutter was 0.6 cu in., the cutters could be 
considered sharp. Therefore, any error introduced by a change 
in the cutting edge could be disregarded entirely. However, 
when cutting at 600 fpm, twice as much metal is removed per 
unit time as at 300 fpm and, consequently, the power required 
for cutting is doubled. In computing the chip temperature 
with the formula given, the same value was obtained for both 
cutting speeds. Although twice as much work was done per 
unit time when cutting at a speed of 600 fpm as compared with 
300 fpm, the temperature of the chips remained the same because 
the work was done in removing twice the amount of metal. This 
means there is twice as much chip material to carry away twice 
as much heat. (The amount of heat per unit weight of chips 
remains constant.) 

Most of the work expended in a metal-cutting operation is 
carried away as heat in the chips. The remainder of the heat is 
absorbed by the tool and workpiece. 

The heat in the tool is of greatest importance because it is the 
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AVERAGE CHIP TEMPERATURE °F. 
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2. AVERAGE TEMPERATURE IN RELATION TO CUTTING 


SPEED 
(These chip temperatures were measured with a calorimeter when machining 
1-in-diam test bars of S.A.E, 1055, normalized, with a face mill which had two 
tungsten-carbide tips of 6-deg negative radial rake. Depth of cut 0.125 in., 
feed per tooth 0.008 in. The dotted line indicates estimated temperature 


values at lower cutting speeds.) 


Fic. 3 CEMENTED CarBIDE Toot AFTER MACHINING 
10.8 Cu In. oF STEEL at 580 Fem Cuttine Speep, Deptu or Cut 
0.150 In., Feep 0.010 In. pER Tootu 


(Two passes were taken over the workpiece and the chips are arranged in 

columns in the order in which they were removed. Chip formation is uni- 

form throughout the cut. Abrasive action of chips on blade face has formed 
a shallow crater 0.006 in. deep.) 


accumulation and concentration of intense heat at the cutting 
edge of the tool which hastens failure. Comparing tool life 
with cutting speed, as brought out in numerous investigations 
(6), it is evident that the amount of metal removed before tool 
failure will generally be inversely proportional to the cutting speed 
when the chip cross section is kept constant. This happens de- 
spite the fact that the chip temperature will remain substantially 
the same. Assuming an ideal case in which the tool does not 
wear and thus change the cutting forces, the same volume of 
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SCHMIDT, BOSTON, GILBERT—MEASUREMENTS OF TEMPERATURES IN METAL CUTTING 


Currinc Toot Arrer MACHINING 


CEMENTED CARBIDE 
ly. or Steet UNDER Conpitions IpentTIcAL Witn THose 
is Fig. 3 Excerpt THAT THE CUTTING SPEED Was 2650 Fem 


(Note that at the start the chip formation is similar to Fig. 3 but, due to 
the rapid increase in heat at the cutting edge, wear of the tip has made a 
crater 0.050 in. deep through which the chip formation is affected.) 


too] metal has to dissipate twice the amount of heat per unit 
time when the cutting speed is doubled. For this reason, a tool 
will break down faster at higher cutting speeds, and remove a 
smaller volume of metal than at a lower cutting speed. There 
is only a small zone including the cutting edge. of the tool which 
will have a high heat increase with an increase in cutting speed. 
It is in this zone also that most of the friction between the chip 
and the tool occurs (7). 

The temperature of the workpiece is affected mainly by its 
size, its heat conductivity, and specific heat. Other factors 


which also influence the workpiece temperature include cutting 
speed, cross section of chip, tool design, and wear at the cutting 
edge. 


All these must be taken into consideration. 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until February 10, 1946) 


wn 


WORK SURFACE TEMP RISE °F 


Teneo tr id ih i2 3 4 15 
FEED THOUSANDTHS OF AN INCH PER TOOTH 


Fic.5 Surrace TeMpeRATURE OF WORKPIECE 
(This graph is based on the evaluation of 500 readings taken with an 
Alnor low-range thermocouple when machining workpieces of S.A.E 
1055 of identical properties and dimensions at speeds and feeds as indicated 
and a constant depth of cut of 0.125 in. The cutter was the same as the one 
used in tests plotted in Fig. 2.) 


However, if all conditions except cutting speed are kept con- 
stant, the following can be stated with regard to the chips, 
tool, and workpiece. 


1 The temperature of chips of uniform cross section remains 
approximately the same in the high range of cutting speeds. 

2 The temperature at the cutting edge of a tool increases 
with the cutting speed. 

3 The temperature of the workpiece is lower at the higher 
cutting speeds. 


BIBLIOGRAPHY 


1 “A Thermal-Balance Method and Mechanical Investigation 
for Evaluating Machinability,’”’ by A. O. Schmidt, W. W. Gilbert, 
and O. W. Boston, Trans. A.S.M.E., vol. 67, 1945, pp. 225-232. 

2 ‘Determining Tool Forces in High-Speed Milling by Thermo- 
analysis,’’ by A. O. Schmidt, Mechanical Engineering, vol. 66, 1944, 
pp. 439-442; Mechanical World, Sept. 15, 1944, pp. 301-303. 

3 “A Study of the Turning of Steel Employing a New-Type 
Three-Component Dynamometer,”’ by O. W. Boston and C. E. Kraus, 
Trans. A.S.M.E., vol. 58, 1936, pp. 47-53. 

4 “Cutting Temperatures Developed by Single-Point Turning 
Tools,’ O. W. Boston and W. W. Gilbert, Trans. American Society for 
Metals, vol. 23, 1935, pp. 703-726. 

5 “An Investigation of Radial Rake Angles in Face Milling,” 
by J. B. Armitage and A. O. Schmidt, Trans. A.S.M.E., vol. 66, 1944, 
pp. 633-643; Western Metals, July and August, 1945. 

6 “Influence of Applying Cutting Fluids at Different Tempera- 
tures When Turning Steel,’”’ by O. W. Boston, W. W. Gilbert, and 
R. E. McKee, Trans. A.S.M.E. vol. 67, 1945, pp. 217-224. 

7 ‘‘Radial Rake Angles in Face Milling,’’ by J. B. Armitage and 
A. O. Schmidt, Mechanical Engineering, vol. 67, 1945, pp. 453-456. 


49 
% 
‘ 
q 
Fic. 
F 
fe 
ig 
¥ 


hy 
: 
= 3 
- 
BAYS 
| 
| 
| 
| 
pe 


Charts for evaluating the allowable unbalance in the 
control-surface product of inertia for tail flutter involving 
fuselage torsion are presented. The basic theory, as- 
sumptions, and limitations are fully discussed. 


° NOMENCLATURE 


The following nomenclature is used in the paper: 


4 = torsional displacement of tail, radians 

9, = torsional displacement of wings, radians 

8 = control-surface rotation with respect to fixed surface, 
radians 

b = semi-chord of tail surface, in. 

c = location of control-surface hinge axis measured from 
tail-surface mid-chord, as a fraction of tail-surface 
semi-chord 

+ = location of control-surface leading edge, measured from 
tail-surface mid-chord, as a fraction of tail surface 
semi-chord 

zg = distance from hinge line to center of gravity of the con- 
trol surface (positive if CG is behind hinge), in. 

y = span distance measured from torsional axis, in. 

L = control-surface span, in. 

J, = mass moment of inertia of wings with respect to tor- 
sional axis, lb-in. sec? 
Jr = mass moment of inertia of tail with respect to torsional 
axis, lb-in. sec? 
6,\? 
JezJrt (“*) J, = effective torsional moment of inertia, 
lb-in. sec? 
Js = mass moment of inertia of control surface with respect 
to hinge line (rudder or two elevators), lb-in. sec* 
mg = mass of rudder or two elevators, lb-in.~! sec? 
p = mass density of air, lb-in.~¢ sec? 
v = flight velocity, in. sec™! 
) w = circular frequency of flutter, radians sec~! 
} we = natural torsional frequency of fuselage, radians sec! 
i ws = natural circular frequency of control-surface system, 
radians sec™! 
4 yg = structural damping coefficient (2 times logarithmtic 
decrement) 
INTRODUCTION 


Flutter of control surfaces may be avoided by balancing. 
The complete balancing of control surfaces, however, is costly in 
rg weight and often unnecessary in avoiding flutter. 

The study of varying the amount of balance by flutter calcula- 


1 Design Specialist in Charge of Vibration and Flutter Analysis, 
Ryan Aeronautical Company. 
Va Presented at a meeting of the Aviation Division, Los Angeles, 
Calif., June 11-14, 1945, of Tae American Society or MeE- 
CHANICAL ENGINEERS. 
‘ Nore: Statements and opinions advanced in papers are to be 
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Charts for Fuselage Torsion Versus 
Control-Surface Flutter 


By W. T. THOMSON,! SAN DIEGO, CALIF. 


tions is long and tedious. To avoid such calculations, charts 
enabling the determination of the allowable static unbalance of 
the control surfaces have been presented by the Army Air Force 
(1)? for flutter modes involving fuselage bending. The purpose 
of this paper is to present a similar type of labor-saving device 
for the flutter modes involving fuselage torsion. 


DEVELOPMENT OF EQUATIONS 


In the following analysis with two degrees of freedom, La- 


grange ] lation 
(; q 


will be used, where T and U are kinetic and potential energies, 
respectively, Q, the generalized force associated with the work 
done insa virtual displacement 4g,, and the generalized co- 
ordinate for the particular mode. 

The kinetic energy of the airplane in the torsional oscillation 
then becomes 


— = Q,. 


L 

T = + [(y@ + xpB)* — (y6)*]dmg 
2 


L 
1 
2J/o 


Differentiating with respect to the generalized co-ordinates and 
time, and assuming harmonic motion, the Lagrangian inertia 
forces become 


1/oT 
(25) = —w* (Je + Sxsydmg - 8) 
[3] 


The potential energy represents the strain energy stored in the 

structure. Assuming Hooke’s law, it may be written as 
; 1 

U = 3 + [4] 


The Lagrangian elastic forces then become 


[5] 
= ws xaydmg- 8 


where the K coefficients have been replaced by the inertia co- 
efficients by considering uncoupled motion in each co-ordinate. 

For terms which remove energy from the system, structural 
damping which is nearly independent of frequency and propor- 
tional to the amplitude must be considered. This can be accom- 
plished by multiplying the elastic coefficients K by (1 + ig). 


» Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The aerodynamic forces and moments supplying the enetgy for 
flutter are defined by Theodorsen (2) and Kussner and Schwarz 
(3), for the two-dimensional flow. These equations have been 
organized in a form convenient for flutter analysis by B. Smilg (4). 

The expressions applicable to this analysis are ones for the lift 
per unit span and the torque about the control-surface hinge per 
unit span, and may be written as follows 


L’ = (4m 6+ Aog a) | 


(45 + Age - a) 


where the aerodynamic coefficients A are complex functions of 
v 

- and have been evaluated in terms of the following coefficients 
appearing in reference (4) 
Aw = Ly 

= Lg — — e) 


Age = T, — P(e — e) 
Tg — Pale — e) — T,(e — e) + P,(e — e)* 


ll 


The generalized forces Q are determined from the work associ- 
ated with the virtual displacements as follows s 


L L 
wf L'5(y6)dy + T’5(8)dy 
0 0 


L 
Qo = L'ydy = rpb*w? (4m 6 


bL? 
+ 8) } 


L 
bL? 


THE STABILITY EQUATION 


Substituting the expressions of the previous section into Equa- 
tion [1], the following two equations are obtained 


where 


L 
E = — + ige)] — mpb*w*A og 3 
bL? 
F = —»? zpydmg — mpb*w*Aeg 
0 


bL? 
G = —w? f — rpb*w*A go 
0 
H = —J[w? — w*g(1 + igg)] — mpb*w*Ageb?L 


Dividing each term by —zpb*w*L? and equating the determinant 
to zero, the stability equation becomes 
L 


L we 1 


“zaydmp 
2 
(1+ is | + Age 


L 


0 1 
2 Ag 
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L 


(wpb?) 2 


Equation [10] is a quadratic in w?, resulting in two roots corre- 
sponding to the two flutter modes. The equation is nondimen- 
sional, the three parameters being as follows 


L 
(wpb?) L? 


which involves the moment of inertia of the airplane about the 


torsional axis. 
(2) 
L 


(mpb?)b? 


which involves the moment of inertia of the control surface about 


its hinge line. 
L 
xgydmg 
I L 


(rpb2)bL 
which involves the product of inertia of the control surface about 
the hinge and torsional axis. 

Considerable simplification results from assuming the control- 
surface natural frequency to be zero, under which condition the 
solution of the foregoing equation results in a real and an imagi- 
nary part as follows 


L | (*)'] | 

Real = Lt | 

Imaginary = — — g 


(wpb?) L? w 


. we \ 

Since (“*) is near unity in the critical-flutter ranges, the value 

of the structural damping g, necessary to sustain steady-state 


oscillation, may be determined from the imaginary part. 


CHARTS FOR ALLOWABLE Propuct oF INERTIA 


The numerical evaluation of Equation [10] was carried out 
under the following assumptions: 


1 The natural frequency of the control surface at zero air 
speed equals zero (wg = 0). 

2 The leading edge of the control surface is at mid-chord 
(e = 0). The effect of varying the leading-edge position is 
indicated by one set of calculations for 40 per cent control surface 
(e = 0.2). 

3 The effective torsional axis of the airplane is along the cen- 
ter line of the fuselage. 

4 The control-surface aerodynamic balance equals 20 per cent 
or 33 per cent (chosen arbitrarily). 

5 Aerodynamic vectors for infinite aspect ratio are applicable. 

The real and imaginary parts of Equation [10], as indicated 
by Equations [11], are tabulated as shown herewith. The 
charts, Figs. 1 to 9, represent the imaginary part of the solu- 
v 
tion as function of ba’ 
structural damping, while the abscissa is proportional to the true 


Since the ordinate is proportional to the 
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THOMSON—CHARTS FOR FUSELAGE TORSION VS. CONTROL-SURFACE FLUTTER 


FUSELAGE TORSION VERSUS CONTROL-SURFACE FLUTTER (w8 = 0) COMPUTATION FORM 


A 7 7 
Jb. B + (Ay), a Be .30 .20 ee? 
2 I R I R 1 
t -83 -.12 -.032 -.29 .07 
P = 2.00 | 022 51 | 1.7 2.7 
“a J 3-33 1.20 92.2 3.80 765 
bel? | +78 3.8 3013 6.7 
6.25 -.90 | -2.0 -.38 1.18 | -10.2 3.7 
2 
2 
L 
Bs cs 
A 
Waly) ( 10 )e bw R = R I R Rg 1 
(Ay); (Ae J 
2.00 +59 -.18 +25 -98 | 1.28 79 2.2 
7 3.33 +19 +37 -.22 | 1.50 -3.0 8.84 
B+ (Ay) | + (Avs), = e bel? | +237 16 | -1.20 { 1.10 | -3.6 | 3.9 27.3 8.20 
6.25 -.89 -.79 -2.00 -.22 -5.3 1.5 “10.5 4.2 
7 
Aw). G-b-c-d |= f B= .50 @=0 
bu R 1 I R I I 
- 
w e 2.00 +61 -.35 -79 -.01 1.16 -82 1.6 
3-33 +57 +37 | 16 | | 9.7 
A kh = bl? | | | 23.2 | 4.8 | 9.9 
e Bez 
6.25 | -2.01 1.8 | 4.8 
P «= 
a © B= .50 es. 
Le 2} 0 +20 Q P 10 20 50 1.0 
} -83 005 | .08 
202 | | 92.05 .003 2.00 1.43 | 1.7% 
| 2.00 -78 -.20 | 1.18 1.25 3-33 2.06 | 461 -62 8.25 2-42 
| 3433 +20 1.0 lee 1.17 | 4.8 1.37 | 9.7 4.17 | 7.33 1.72 13.70 5.12 
| 16 1.9 2.6 5.7 36 3.4 6.25 | -1.68 -| 6.96 | 15.82 7.60 | | 18.72 
+82 | =2.02 | 2.2 5.6 10.00 | 10.32 -22 | 15.17 | 6.58 
Be, ces B= 2:0 
1.0 210 +20 +50 1.0 
R L 3. J 2 x | bw 54 Rg I R 
+83 +09 -2.07 83 09 -.92 +05 
1.27) | [2686 | 2.26 2.00 | 1.57 
2.57 +33 | 5-66 88 10.08 6.49 6.09 2.36 
| 1.699 | | 3.75 | 15.62 | 12.87 
6425) | 44262 +06 7.03 3-65 {5.01 4.17 2.84) --97 6.62 +72 12.41 2.25 
10.0 3.75 6.25 6.49 } | 15.01 5-01 28.79 | 12.66 
10.00 15.75 5.82 32.14 27245 
119 120 P +10 +20 1.0 
v 
bw R R R I R bw I R I R I R 
2.00 -.67 82 | 1.39 | -.35 
3.33 2.33 | 5.17 1.50 9.84 | 4.40 3-39 sed 
1.96 | | 5.52 8.02 | 3.17 | 16.99 | 7.87 4-17 | | 2.28 | 4.57 3.3% | 13.25 5.1 26.37 
6.25 | | 7.20 | 2.09 | 16.06 | 10.96 30.40 | 25.22 5.00 | Leto | -2.28 | 4.52 7.32 | 12.29 | 915.10 
-20.15 
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2 ,20 
A 
bw 
Age eri Ase 
83 +8538 +5493 01075 
--8833 1 02824 1 7.1402 1 
2.0 +3972 0459 20929 - 
2.3916 i 1 i 1 
3-33 12 20740 
“4-433 4 4 4 
4.17 =.5520 20.3737 +06259 
5.8242 1 +8505 4 ~.18621 1 1 
6.25 1.3450 “49.6014 03724 2.2330 
-9.5350 1 5.0100 1 
10.0 2 137-4490 00203 4.0960 
-16.6400 1 16.4656 1 --5320 4 4 
bw Age A Aw 
+83 045968 +01601 
~-8833 1 =+5805 1 007378 1 4 
2.0 23972 0467 04217 
2.3916 1 1 -.01998 1 
3-33 12.4022 +0372 
+2715 1 +-03703 4 +2679 
4-17 20.2736 +002 
56242 4 1.4701 +0487 1 
6.25 1.3450 4694170 +0276 
9.5350 4 6.0244 4 
10.0 137.1476 0184 +2266 
=16.5400 4 18.2358 1 14 1 
.20 
- 
bw 
Ace A of 4a A 4 
2.0 +3972 3.6876 205426 -.1157 
2.3916 1 =-04325 4 =.1606 1 
3.33 -+1950 o11.334 204,352 
1 O7 4 1 = +2499 1 
4.17 718.534 +03706 -.5887 
95-824 1.578 4 --2938 1 
5.00 --8860 .689 +03102 +.6712 
7.276 1 3.0608 1 1 
4.25 #1. 3450 405-1814 +02272 -1.4027 
“9.5350 1 58428 1 4 =-3779 


air speed, the charts represent a series of flutter-stability curves. 
The real part of the solution presented in the tabulation may be 
used to determine the flutter frequency if this information is 
desired. All computations were carried out in the tabular form 
shown. 


Errect OF FREQUENCY 


Examination of Equation [10] indicates that the effect of finite- 
control-surface frequency may be readily determined from the 
charts presented by assuming g = 0, and using 
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Due to neglecting the friction in the control-surface system, the 
results will be on the conservative side. 

Illustrative Example. Determine the allowable rudder product 
of inertia from the following data: 

Average rudder chord = 22 in. 

Average fin chord = 22 in. (i.e., e = 0) 

Aerodynamic balance ma = 0.20 

Moment of inertia of rudder J/g = 3.0 lb-in. sec? 

Rudder span = fin span = L = 80 in. 

Moment of inertia of tail about torsional axis = 1500 lb-in. sec? 

Moment of inertia of wings about torsional axis = 50,000 lb-in. 
sec? 


6 
Ratio of torsional deflections (“*) = 0.20 


Torsional natural frequency of airplane = 1000 cycles per min 

Maximum flight speed of airplane = 500 mph 

The calculation of the nondimensional parameters are as 
follows: 


= (8.45 X 107%)22? = 0.0001285 (10,000 ft altitude 


assumed) 
Je = 1500 + (0.20)? 50,000 = 3500 Ib-in. sec? 

3500 0.03 
Ag = _ = 53.2 X .03 = 1.60 (3 

g 0.0001285 X 80° 3.2 X (3 per cent damp- 
ing assumed) 
3.0 
B = = 0.603 
0.0001285 80 22? 
88 
500 12 
v 60 


— = = 3.82 
60 


From the stability curve for B = 0.6 find P = 0.18 corresponding 
to Ag = 1.60. The allowable product of inertia is then 


JS zaydmg = 0.18 X 0.0001285 X 22 X 80? = 32.6 lb-in. sec? 


From the real part of the solution R = 0.2 corresponds to the 
foregoing values. The frequency ratio then becomes 


0.2 
— = = — = 


and the error in neglecting this correction is less than 1 per cent. 


SUMMARY AND CONCLUSIONS 


Control-surface flutter involving fuselage torsion has been 
investigated in terms of nondimensional parameters and presented 
in chart form. The results are applicable to conventional tail 
surfaces with 20 or 33 per cent aerodynamic balance. The effect 
of fin or stabilizer bending was not included in the investigation 
since this mode is generally covered in the three-dimensional 
analysis involving fuselage bending. The real part of the solu- 
tion was included in the tabulation as an indication of the fre- 


quency ratio (“”) which was assumed to be unity. 


Several conclusions may be drawn by examination of the 
charts, as follows: 

1 The stability of the control surface for this form of flutter is 
mainly a function of its product of inertia and aerodynamic 
balance. 

2 For a given product of inertia, the flutter speed will be 
higher for a control surface with larger aerodynamic balance. 

3 Large aerodynamic balance increases the explosiveness of 
flutter, as indicated by higher peaks of the stability curves. 
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4 Reducing the control-surface chord for the same aero- 
dynamic balance increases the flutter speed and its explosiveness, 


|0 


Fie. 8 


as indicated by the shift of the stability peak to higher values of 
v 

— and Ag. 

g 


5 The effect of the finite-control-surface frequency is to shift 
the stability curve to a lower value of B, the main effect of which 
is to decrease the stability peaks to lower values. The flutter 
speed is also lowered slightly. 

The charts presented are intended to aid in the preliminary 
determination of the required product of inertia. They also 
enable a study to be made of the effect of varying the design 
parameters, 
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Thermal Accommodation Coefficients 


By M. L. WIEDMANN? AND P. R. TRUMPLER? 


This investigation deals with the conduction of heat 
through a gas at low pressure. The theoretical work of 
M. Knudsen is extended to cover the case of conduction 
between two infinite concentric cylindrical surfaces of 
different properties. Experiments to determine the 
accommodation coefficients of air on flat black lacquer and 
nine metal surfaces indicate that the values lie between 
0.87 and 0.97. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


A = surface area, sq ft 
a = radiant emissivity 
Ek, = energy of a gas stream in equilibrium with surface 1 
ky’ = energy of a gas stream after collision at surface 1 
L = length of cylindrical test section, ft 
M = molecular weight of the gas (Oy is 32) 
p = gas pressure, mm mercury 
Q. = net conduction heat transfer, Btu per hr 
Qr = net radiation heat transfer, Btu per hr 
r = radius, ft 
T = gas temperature, deg F abs 
T, = temperature of surface 1, deg F abs 
@ = accommodation coefficient 
= = ratio of specific heats of the gas 
v 
p = length of a path between inner and outer surfaces, ft 
o = Boltzmann constant = 0.172 < 1078 Btu per hr per 
sq ft per (deg F)* 
8,5,0 = angles 


Subscript 1 refers to inner surface, subscript 2 to outer surface. 


INTRODUCTION 


In a sense there are only two methods by which heat may be 
transferred between solids separated by a gas, i.e., radiation and 
molecular collision. Collisions may take place between the gas 
molecules themselves or between gas molecules and the surface of 
the containing vessel. The latter type of collision is the subject 
of this investigation. 

At ordinary pressures the effect of surface collisions is lost in 
the large number of collisions involving only gas molecules. But 
if the pressure is reduced far enough there will be only a compara- 
tively small number of gas molecules in the containing vessel, and 
most of the collisions will be made at the bounding surfaces. 


1 This paper summarizes a dissertation submitted by one of the 
authors? to Yale University in partial fulfillment of requirements for 
the degree of Doctor of Philosophy. 

2 Associate Professor of Mechanical Engineering, Yale University, 
New Haven, Conn. ; 

3 Development Engineer, M. W. Kellogg Company, New York, 
N.Y. Jun. A.S.M.E. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 29-Dec. 3, 1943, of Tue 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. 


These collisions will then exert a controlling influence on the heat 
transfer. 

Kinetic theory predicts that the conductivity of a perfect gas 
far from a solid surface is independent of the pressure. If certain 
dimensions of the containing vessel are of the order of magnitude 
of the mean free path,‘ the heat conduction is a function of the 
pressure and the surface characteristics. For the special case of 
gas pressure so low that collisions between gas molecules are in- 
frequent compared with surface collisions, the heat conduction is 
proportional to the pressure (1, 2, 3).5 The theoretical treatment 
to be presented applies to a perfect gas at this low pressure, here- 
after called a “rarefied gas,’’ and the experimental work was con- 
ducted with air in or near this pressure region. 

Air at 32 F and 0.000001 atm pressure has a mean free path of 
2.3 in. (4). It is apparent that the results here presented are ap- 
plicable primarily to problems of heat conduction through a gas 
at very low pressure or in a very small space. 

The characteristic properties of a surface which determine the 
radiation are the emissivity and the absorptivity. In heat trans- 
fer by surface collisions the characteristic property is the accom- 
modation coefficient, which expresses the extent to which a par- 
ticle stream impinging upon a solid surface comes to thermal equi- 
librium with the solid. 

If a particle stream approaches a surface at energy E2’ and 
leaves at energy E,’, and if the energy of the stream at thermal 
equilibrium with the solid would be £,, then the accommodation 
coefficient is defined as 


E.’ — 
a = Limit 
— E, 


If only kinetic-energy changes are considered and the particle 
stream has a maxwellian velocity distribution before and after 
collision, the accommodation coefficient may be expressed in 
terms of temperatures 


a> 


T,’ — 
T,' T; 
Values of accommodation coefficient reported in the literature 
range from less than 0.1 to unity. 
ReEsu_tTs oF TEsts 


The equation for heat conduction between two infinite con- 
centric cylinders separated by a rarefied gas is 


1 p(T; — Ts) 1 
@ _ 36007, ..{3] 
L y—1 2 (2 ) 1 
4— 
T2 \ae 
where 
Q. = heat transfer by conduction, per unit cylinder length, 
L Btu 
y = 2 on ratio of specific heats of the gas 
Cy 
p = gas pressure, mm mercury 


4 The mean free path may be defined as the average distance a gas 
molecule travels between collisions with other gas molecules. 
5 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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T = gas temperature at place where the pressure is p, deg 


FA 
M = molecular weight of the gas (O2 is 32) 
T,,7: = temperatures of inner and outer cylinders, respec- 


tively, deg FA 
radius, ft 
@ = accommodation coefficient 


Subscripts 1 and 2 refer to inner and outer cylindrical surfaces 
respectively. 

Experiments were made to determine the accommodation co- 
efficients and emissivities of aluminum, cast iron, and bronze. 
Polished, machined, and etched surfaces of each metal were 


tested. The values of . 


are plotted against pressure for 

nine metallic surfaces and a reference surface of flat black lacquer 
in Figs. 1-3, inclusive. Maximum and minimum values of ac- 
p(T; — T:) 
as a function of pressure p, Fig. 4, and are tabulated with the em- 
issivities in Table 1. 


commodation coefficients were taken from a plot of 


TABLE 1 SUMMARY OF RESULTS 


Accommodation 
coefficient 
Surface Description Emissivity Minimum Maximum 
x Flat black lacquer on bronze 0.932 0.881 0.894 
A Bronze, polished 0.103 0.91 0.94 
F Bronze, machined 0.110 0.89 0.93 
D Bronze, etched 0.192 0.93 0.95 
B Cast iron, polished 0.184 0.87 0.93 
E Cast iron, machined 0.391 0.87 0.88 
G Cast iron, etched 0.697 0.89 0.96 
C Aluminum, polished 0.221 0.87 0.95 
J Aluminum, machined 0.0909 0.95 0.97 
H Aluminum, etch 0.775 (0.89) (0.97) 


Two general conclusions may be drawn as follows: 


1 The values of all measured accommodation coefficients lie 
between 0.87 and 0.97. 

2 The effect of different technical surfaces on the accommo- 
dation coefficient, if such an effect exists, is small and is not shown 
by the present tests. 


In evaluating the experimental results the abnormal behavior 
of two of the surfaces should be noted. The emissivities of the 
etched aluminum dropped from 0.833 to 0.753 during the tests, 
and the value of the accommodation coefficient is therefore 
unreliable. In testing the etched cast-iron surface G it was ob- 
served that the air pressure in the sealed system decreased ap- 
preciably in the course of each conduction test. The emissivity 
remained unchanged. 

It is undoubtedly true that all the metallic surfaces were oxi- 
dized to some extent. The appearance of each surface was the 
same before and after the tests, and, except for the etched alu- 
minum, the emissivity was constant. But even if the oxide coat- 
ings were stable their influence on the properties of the metallic 
surfaces must be considered in interpreting the data. 

The values of accommodation coefficient found by the authors 
are of the same magnitude as those given by Knudsen (1) for 
oxygen in contact with polished plaiinum, platinum coated 
lightly and then heavily with platinum black. His values are 
0.808, 0.910, and 0.934, respectively. 


THEORY 


The apparatus employed by the authors for determining ac- 
commodation coefficient requires the heat-transfer equations for 
radiation and for rarefied-gas conduction between two infinite 
concentric cylinders having different surface properties. The ra- 
diation equation, assuming diffuse reflection, is well known (5) as 
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particles comes from the inner surface. The re- 
mainder (1 — F) come from the outer surface at 
energy therefore 

FE,’ + (1— F)E,’ — E,’ 


FE 


at 


ry 


hic. 4 or ConpuctTion CurRvES 
o T’24) 
Q - 4 
[4] 
As \a» 
or 
L rfl 
1} + 
ay 
Qr 
— = heat transfer by radiation, per-unit cylinder length, Btu 
ft 
A = area of cylindrical surface, sq ft 
a = radiant emissivity 
o = Boltzmann constant = 0.172 107% 


Although Equation [5] applies only to gray bodies, its use with 
metallic surfaces is justified as a means of separating radiation 
from conduction in the authors’ experiments. Emissivities cal- 
culated from Equation [5] are not accurate if the surfaces differ 
appreciably from those of gray bodies. 

The equation for the conduction through a rarefied gas (almost 
all particle collisions at the solid surfaces) may be derived by ex- 
tending the work of M. Knudsen (1), the validity of which has 
been fairly well established (6, 7, 8, 9). His equation for maxi- 
mum conduction between two concentric infinite cylinders (ac- 
commodation coefficients unity) is 


— 
L y—1 SMT 


With reference to Fig. 5, consider a large number of gas mole- 
cules striking a unit area of surface 1 per unit time having a total 
energy E,’ before, and £;’ after collision. Then the energy trans- 
ferred from surface 1 is E;’— L:' per unit area per unit time 
and the accommodation coefficient is 


After collision with surface 2, a particle stream has energy 
E,'. The same particle stream does not, however, approach 
the outer surface with energy E,’, for only a fraction F of the 


or 
F(E,'’ — 


a 


FE,’ + (— F)E.' — 
From Equations [7] and [9] 


i [10] 


The symbol F is defined as the fraction of particles leaving the 
outer surface taking direct paths to the inner. Its value can be 
calculated on the basis of Knudsen’s cosine law (7), which may 
be stated as follows: The probability that a gas molecule leaves a 
surface on a path making an angle @ with the normal to the sur- 
face is proportional to cos 6.6 

For a given path between the surfaces if 8 and 65 represent the 
angles made by the path with the normals to the surfaces at the 
points of contact, and if p is the path length, then 


1 sé 1 
cos r (11) 
Ai p* 


Returning to Equation [10], since Z,; — EF, represents maxi- 
mum energy transfer as given by Equation [6], the general equa- 
tion for heat conduction between two infinite concentric cylinders 
separated by a rarefied gas is 


Q. 1 p(T; — T:) 1 
4 / r 
MT 
ae ay 
Using M = 29.0and y = 1.404 for air 
T; — T:) 1 
(2) = 3980 — ; 
4 fair r 
Te \ Qe ay 


In the experiments, 7; varied from 0.1040 to 0.1042, rm = 
0.1094, and L = 0.667. For this case 


¢ This law is analogous to Lambert's cosine law for diffuse reflec- 
tion of radiation. 
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Although Equation [14] should be used only with small values 
of 7; — T2, Knudsen’s experiments show (1) that the maximum 
value of 60 F in the present experiments is well within the range 
of application. 


EXPERIMENTAL PROCEDURE 
The apparatus generally used for the measurement of accom- 
modation coefficients (1, 2, 10) is not well adapted to an investi- 
gation of various types of surfaces. This objection is overcome 
in the new design, shown in Fig. 6, which has the additional ad- 
vantage of a center, or test cylinder of simple construction which 
can be easily changed without duplication of test equipment. 
With the exception of the disk washers at the ends of the test 
cylinder, which were designed for a press fit, all other parts were 

used interchangeably for all ten inner cylinders. 
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Heat supplied by the central heating coil flows outward be- 
tween the two test surfaces approximately 2.50 and 2.62 in. 
diam. The test length is 8.00 in. Energy input to the auxiliary 
coil at each end is regulated to maintain a very small temperature 
differential between the disk washer and the inner face of the end 
plug. Therefore, substantially all the heat input to the central 
coil flows through the test surface. 

The outer test surface was used as a reference and was given a 
double coat of flat black paint in order to make it nearly “gray” 
in response to radiation. Its properties were determined by test- 
ing a similarly prepared surface on an inner cylinder. The emis- 
sivity was 0.932 and the accommodation coefficient 0.89. The 
five radiation tests on this surface for temperature differences 
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from 40 to 80 F checked the Stefan-Boltzmann law with an av- 
erage deviation of 0.25 per cent. To prevent damage to the ref- 
erence surface while changing test cylinders, a special fixture, 
not shown in the illustration, was designed. 

Energy to the heating coils was supplied by a direct-current 
generator driven by a synchronous motor. Heat loss from the 
central coil leads was experimentally measured and a correction 
established. 

The test section was evacuated by a Cenco Megavac pump, and 
the pressure was measured by a McLeod gage with a dry-ice trap. 
The system included a phosphorus pentoxide drier. The pressure 
was corrected for thermal diffusion between air at water tempera- 
ture entering the test casing and air between the test cylinders. 
No correction was made for pressure drop in the piping from gage 
to casing because the correction is less than 4 per cent at the low- 
est conduction test pressures. The diffusion correction is actu- 
ally applied by substituting 7, for gas temperature 7’ in Equa- 
tion [3]. 

Temperatures inside the test unit were measured with cali- 
brated copper-constantan thermocouples of 24 B&S gage wire, 
with are-welded junctions. A Leeds and Northrup Type K poten- 
tiometer served to measure the temperature difference between 
the test cylinders, and a galvanometer sensitive to 0.05 deg F was 
used for the end-loss couples. 

The thermocouple installations should be noted. Contact 
between the couple junction and the inner test cylinder was es- 
tablished mechanically by a set screw, Fig. 9(c). The junction 
on the reference cylinder, being electrically insulated from the 
‘asing, provides poor thermal contact and therefore conduction 
through the leads should be held to a minimum. The plug con- 
taining the element is shown in Fig. 7, its assembly in the eylin- 
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drical shell extending from the casing in Fig. 9(a), and the posi- 
tion of the shell on the casing in Fig. 10. Installation of the 
end-loss couples is shown in Fig. 9(d), and Fig. 8 shews them 
connected to the end plugs but detached from the disk washers. 
To draw leads out of the test section, stainless-steel bolts, 
Figs. 8 and 9(b), were made part of each thermocouple circuit. 
An emf correction for the copper-to-steel junctions in each cir- 
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SHELL (C) TEST CYLINDER COUPLE reial ies in Connecti was 
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an alloy of 85 per cent copper, 5 per cent each of 
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tin, lead, and zine by weight; the cast iron was 
actually a semisteel, since steel scrap had been 
added; the aluminum was alloyed with traces of 
other elements to provide free machining and cor- 
rosion resistance. All castings of one metal came 
from the same lot. Only cylinders without flaws 
on the finished test surface were used. 
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Test cylinders were machined without lubrication. 
Before the final lathe cuts were made the cylinder 
and the plugs which supported it between centers 
were removed from the lathe and cleaned with 
soap solution, dioxane, and distilled water. After 


INSULATOR 
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this cleaning the cylinder was not touched by 
hand. No further cleaning of any kind was given 
the machined or polished surface. 

Polishing, except for cast iron, was done on a lathe with five 
grades of polishing paper ending with 4/0. Because of metal por- 
osity cast iron was finished only to 1/0 paper. On aluminum the 
finer papers produced a dull finish on which the many fine surface 
pits were entirely covered up. Polishing at various speeds and 
pressures was tried without obtaining a brighter finish. The 
machined aluminum, on the other hand, was bright but clearly 
showed the porosity of the casting. The fact that the emissivity 
of the machined surface was found to be less than that of the 
polished was not entirely unexpected. 

Etching was done with nitric acid, reducing the over-all diame- 
ter of a cylinder 0.004 to 0.005 in. Upon removal from the acid 
bath, the cylinders were washed and scrubbed in tap water, a 
dilute ammonium hydroxide solution, more tap water, and finally 
distilled water. 
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Method of Testing. All metallic surfaces subjected to low pres- 
sures were cleaned so as to be free of volatile impurities. Degas- 
sing was done at test-cylinder temperatures not exceeding 160 F. 
During radiation tests the vacuum pump was run continuously, 
but in conduction tests the system was closed at the desired pres- 
sure. The pressure rise for an 8- to 12-hr test was usually negli- 
gible. The one exception was cylinder F, machined bronze, for 
which the pressure increased as much as 1 per cent per hr. 

For each surface at least two radiation tests (air pressure 
about 10-4 mm of mercury) and four conduction tests were made. 
The conduction tests were in or near the rarefied-gas region, the 
upper limit of which is about 0.01 mm of mercury for the appara- 
tus. Each test was continued until the temperature change was 
within 0.1 deg F per hr. The temperature of the inner cylinder 
ranged from 109.5 to 158 F, and the water temperature, assumed 
to be the same as that of the reference surface, from 71.6 to 79 F. 
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Certain Aspects of High-Pressure 


Centrifugal Pumping Cycles 


By I. J. KARASSIK,' HARRISON, N. J. 


The author discusses the hydraulic and mechanical 
limitations imposed upon centrifugal boiler feed pumps by 
certain features of the modern regenerative feedwater 
heating cycles, as well as the influence of the practical 
limitations of pump design on the cycles themselves. 


EDUCED to its essential elements, a power plant is com- 
posed of a boiler feed pump, a boiler, and a heat engine 
such as a turbine. All other equipment represents re- 
finements which supplement the functions of these three elements 
and which are directed at improving the over-all efficiency of the 
power plant. 

As the size and number of steam-generating stations grew, the 
desire for improvements in operating economy dictated many 
refinements in the steam cycle. These refinements lay in two 
separate directions. The first of these refinements involved a 
steady increase in operating pressures and temperatures, in order 
to provide for a greater heat drop between boiler and condenser. 

Operating pressures grew until at the present time 1250-psi 
boilers are quite common, and a few plants are operating at even 
higher pressures. Temperatures rose from a conservative 600 
and 750 F, until today 900 to 950 F is not considered radical prac- 
tice. Wartime experience with superchargers and gas turbines 
promises to lead to even higher steam temperatures. The direct 
effect of this rise in steam-plant operating conditions will be dis- 
cussed later. 

The second refinement was directed toward greater utilization 
of heat through increased feed heating. The problem presented 
by the introduction of multiple heaters centered in the choice be- 
tween direct-contact heaters and closed heat exchangers. From 
the thermodynamic point of view, the former have certain definite 
advantages. It must be considered, however, that a separate 
boiler feed pump is required after each direct-contact heater, as 
shown in Fig. 1, while the use of a group of closed heaters permits 
the application of a single boiler feed pump discharging through 
these heaters and into the boiler, Fig. 2. 


Mu Drrecr-Contracr HEATERS 


The first of the problems introduced by a feed cycle with 
multiple direct-contact heaters is the requirement of separate 
feed pumps for each of the heaters. This of course may be 
partially circumvented by the use of a multistage boiler feed 
pump with multiple inlets and discharge connections, each stage 
or group of stages serving an individual heater, and each such 
group operating at a successively elevated temperature. 

The most difficult problem, however, resides in the control of 
the boiler feed pump or pumps. A centrifugal pump will always 
operate at those conditions of head and capacity which corre- 
spond to the intersection between its head-capacity characteristic 
at its operating speed and the system-head curve. Thus in 
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order to alter the operating conditions, it becomes necessary to 
alter the shape either of the head characteristic by varying the 
operating speed, or of the system-head curve by varying one of 
its components. Ina boiler-feed cycle this variation is provided 
by the feedwater-level regulator, as illustrated in Fig. 3, where 
curves (a) to (d), inclusive, correspond to various positions of the 
feedwater-regulator valve. Thus, depending on the boiler 
load and consequently on the position of the feedwater-regulator 
throttling valve, the pump-discharge capacity will correspond 
to the intersection of the H-Q curve with curves (a) to (d), or with 
any intermediate curve. 

In the case of a feed cycle with multiple direct-contact heaters, 
as in Fig. 1, it becomes necessary to interpose a feedwater regu- 
lator in the discharge of each individual boiler feed pump. The 
controlling impulse would be the boiler-drum level in the case of 
the last discharge and the level in the storage space of the direct- 
contact heaters in the intermediate units. This multiplication 
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of controls introduces additional expense as well as an increase in 
the source of potential maintenance troubles. 

Of course, any centrifugal pump is, to a certain extent, self- 
regulating as regards delivery through the effect of suction condi- 
tions on the pump head-capacity curve. A typical example of a 
self-regulating installation is that of a hot well or condensate- 
removal pump. In this particular case, the delivery of the pump 
is generally controlled by the submergence over the pump center 
line, this submergence representing the net positive suction head 
available over and above the vapor pressure. If the inflow to the 
condenser hot well is reduced, the pump will withdraw more water 
than is returned to the condenser with a resultant change in the 
level of the hot well, a reduction in the available net positive 
suction head, and a consequent reduction in the delivery of the 
condensate pump. This operation is illustrated in Fig. 4. 

In theory the same principle of operation could be applied to a 
feed cycle with multiple direct-contact heaters. The delivery of 
the last boiler feed pump would be controlled by a feedwater 
regulator while the intermediate units would be subjected solely 
to the control of the available net positive suction head, that is, 
of the submergence from the storage space of the direct-contact 
heater. As the boiler load would be reduced, each pump in turn 
would continue for a short period of time to handle more feed- 
water than was being returned into the direct-contact heater at 
the head of the system, with the result that levels in the storage 
space would fall and reduce the pump capacity through the re- 
duction of the net positive suction head. 

In practice, however, this would prove to be a difficult under- 
taking. It must be considered, in the first place, that in order to 
obtain satisfactory capacity variations through level control, 
the available net positive suction head itself must undergo vari- 
ations of as much as 80 per cent or even more of its maximum 
value. This is entirely feasible in the case of a condenser hot 
well, where the available net positive suction head may vary 
between 4 ft and 1 ft. Condensate pumps are properly propor- 
tioned and designed to avoid excessive inlet and rotative speeds 
and are provided with special condensate-type impellers. The 
application of such designs to high-head boiler feed pumps 
would not be practical, as the latter operate at high speeds and 
require net positive suction heads of 15 to 20 ft or even more. 
Even if it were possible to provide suction-level control to the 
operation of boiler feed pumps, the storage space of the direct- 
contact heaters would have to extend to within 2 or 3 ft of the 
pump center line, increasing the cost of the heaters quite appre- 
ciably. 

There is, finally, one more factor which presents difficulties in 
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the application of a feed cycle with multiple direct-contact heat- 
ers. Operation of boiler feed pumps at extremely reduced capaci- 
ties is conducive to a variety of undesirable effects due to the 
temperature rise experienced within the boiler feed pump at light 
flows. In the normal case, the boiler feed pump is provided with 
a by-pass in its discharge, leading to some region of lower pres- 
sure in the feed cycle where the excess heat in the by-passed feed- 
water may be dissipated without harmful effects. This by-pass 
is operated either manually or automatically whenever the flow 
through the pump falls to some predetermined minimum or when- 
ever such a reduction in capacity is expected. A boiler-feed 
cycle such as illustrated in Fig. 1 would require the installation 
of an individual by-pass beyond each separate boiler feed pump, 
and each by-pass would require its own piping and its own 
individual control. An automatic-control system would be 
quite feasible but, again, would add to the initial investment and 
probable maintenance expense. 

We have not touched upon the problem of heater construction 
because this analysis is concerned strictly with the effect of 
various feed cycles on the centrifugal pumping equipment in- 
volved. There is little doubt, however, that certain problems 
must arise in the design and operation of direct-contact heaters 
at the elevated pressures and temperatures imposed by the 
application of a feed cycle with multiple direct-contact heaters. 


CLosep HEATERS 


It cannot be said that the application of a feed cycle with 
multiple closed heaters is entirely devoid of problems. As a 
matter of fact, the average power-plant cycle is based on a 
modified system; one direct-contact heater fulfills the function 
of feedwater deaeration, while several additional heaters of the 
closed type are located upstream as well as downstream of the di- 
rect-contact heater and its boiler feed pump. 

‘The condensate drains from the closed heaters must be returned 
to the cycle in order to avoid a waste of treated feedwater and of 
its heat and pressure energy. Two basic methods are available 
for the reintroduction of the heater drains into the feed cycle: 

1 Pumping the drains into the feedwater cycle at some higher 
pressure point, as in Fig. 5. 

2 Flashing the drains into the steam space of a lower-pressure 
portion of the feed cycle, as in Fig. 6. (When this is done suc- 
cessively with several closed heaters, the process is referred to as 
“cascading.’’) 

Thermal-balance calculations indicate that the first method 
shows a gain in over-all plant economy over the straight cascading 
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system. However, the economy to be gained by the inclusion of 
individual heater drain pumps at each closed heater is hardly 
justifiable in view of the added initial expense and greater mainte- 
nance required. As a matter of fact, pumping from the closed 
heaters on the discharge side of the boiler feed pump in a high- 
pressure installation is quite impractical. The capacity of the 
heater drain pumps is but a fraction of the design capacity of the 
feed pump itself, while the discharge pressures of the two are of 
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an equivalent order or magnitude. As a result, it may become 
impossible to apply a centrifugal pump for the service strictly 
because of hydraulic-design considerations. 

A compromise between these two basic methods is illustrated in 
Fig. 7. It consists of cascading the heater drains of all closed 
heaters located on the discharge side of the boiler feed pump 
back into the direct-contact heater and of pumping the drains of 
the low-pressure heater into the discharge from the condensate 
pump. The over-all losses in plant economy brought about by 
this modified cascading system, when compared to the straight 
pumping system, are negligible. 

Errects oF Ris— iN OPERATING PRESSURES 

It has been mentioned that the rise in power-plant operating 
pressures had a very definite effect on centrifugal boiler-feed- 
pump construction and operation. The pump of some 20 or 30 
years ago seldom operated at speeds in excess of 1800 rpm. 
While boiler pressures hovered around 200 to 250 psi, there was 
relatively little advantage to be gained from the introduction of 
higher operating speeds for any but the smallest-capacity boiler 
feed pumps. However, as soon as boiler pressures started on 
their upward climb, the lower operating speed of 1800 rpm be- 
came no longer practical and the modern practice of 3600 rpm 
for boiler feed pumps was launched. 

It is interesting to note that high-pressure installations of the 
central stations have distinctly showed the way for the smaller 
units which started on a parallel growth toward 300, 600, and 
now even 1200 psi. What 3600 rpm did for the medium- and 
large-capacity boiler feed pump, it could no longer do for the 
smaller-capacity unit, until today there is a definite growing 
trend toward operating speeds in excess of 3600 rpm. 

This might serve, incidentally, as a logical occasion to discuss 
the oft-quoted technical superiority of our European counterpart 
in the field of centrifugal-pump design. The more frequent use 
of high operating speeds in Europe stems not from the greater 
talent and ingenuity of their engineers but rather from a series of 
economic and geographical circumstances, 

The first and probably least important of these circumstances 
is the fact that European electric-distribution practice is based 
on 50-cycle current, permitting a maximum synchronous speed 
of only 3000 rpm, compared to a possible 3600 rpm in the United 
States. This lower limit handicapped European designers suffi- 
ciently to make it desirable to exceed the 3000-rpm speed, either 
through greater use of turbine drive or through the application of 
stepup gears. Once the natural speed limit of motor-driven 
pumps was exceeded and abandoned, there was little reason to 
sarry the increase to only 3600 rpm, and higher-speed pumps 
were widely introduced. 

The more important reason, however, is the fact that, while 
raw-material costs are generally higher in Europe, labor costs 
were always abysmally low. The European designer has 
through necessity learned to spare materials even at the cost of 
increasing labor man-hours, both in production and in mainte- 
nance. Where an American engineer will use a safety factor of 5, 
European training dictates the choice of lighter structures, close 
figuring, and safety factors of 2 or even less. 

Even after the advent of 3600 rpm as standard practice in this 
country, the rise in boiler pressures kept pace. Soon, discharge 
pressures in excess of 1200 psi became a common requirement and 
even the use of cast steel for the pump casings proved an in- 
sufficient barrier to internal leakage of the then common axially 
split casing boiler feed pump. The next step was the introduc- 
tion of radially split casing designs, culminating in the well- 
known forged-steel-barrel double-casing construction of today for 
the higher-pressure range. It is interesting to note, incidentally, 
that the dividing line of approximately 1250 psi between axially 
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and radially split casings appears due for a slight upward revision, 
probably to 1350 or 1400 psi. 

Damage to pump stationary parts was found to be the most 
troublesome item standing in the way of such upward increases 
in operating pressures, and it is being overcome now by the use 
of stainless-steel alloys of similar grade to those already in use 
for the rotating pump parts, such as impellers, impeller rings, 
and shaft sleeves. Thus the old dividing line will be greatly 
affected by a more general adaptation of erosion-resisting ma- 
terial in all the parts of the pump. Part of this revision may be 
said to derive from greater accumulated experience with axially 
split casings operating near the old dividing line; part may be 
ascribed to the availability of better materials than heretofore 
used. 

Once the general principles of design for this higher pressure 
range had become more or less stabilized, there still remained the 
question of the limiting stage pressures. From a strictly hy- 
draulic point of view, there was much to be gained from main- 
taining low- or medium-stage pressures, at the cost of multiplying 
the required number of stages. The lower heads per stage kept 
disk-horsepower losses to a minimum and avoided possible reduc- 
tion of pump efficiencies. It also became necessary to reconsider 
the effects of the higher velocities brought by higher stage pres- 
sures on the erosion problems in the pump casings. The use of 
extremely low heads per stage, however, leads to a greatly in- 
creased number of stages, greater shaft spans and shaft deflec- 
tions, and greater stresses on the pump casings. The increased 
number of running joints in a pump designed with too great 
a number of stages added seriously to its disadvantages. A satis- 
fying compromise had to be reached, taking into account available 
materials, the optimum number of stages, and the required oper- 
ating speed, the main consideration being to obtain a pump de- 
sign which can be maintained in service with the least expenditure 
of cost, effort, and expert knowledge. 

As a result of the availability of better materials, it has been 
the practice lately to increase stage pressures and keep the num- 
ber of stages to an absolute minimum. Six stages are considered 
today the best possible combination for most pressures in excess 
of 1000 psi, although in the case of relatively low-capacity 
pumps it becomes necessary once in a while to provide seven or 
even eight stages. Assuming a net pressure of 1800 psi, a six- 
stage pump would develop 300 psi per stage (or about 725 ft). 
Once thought excessive and even impossible, 725 ft per stage 
can be considered as a very safe and reliable figure today. 


HicuH Suction TEMPERATURES 


Along with rising discharge pressures, boiler feed pump de- 
signers have had to contend with a trend toward higher suction 
temperatures and higher suction pressures. This trend can be 
traced to two separate power-plant developments. In certain 
cases, the desire to improve the station heat balance dictates the 
choice of a higher pressure stage in the main turbine for feed heat- 
ing at the direct-contact heater. As a result, instead of 3 to 15 
psig, direct-contact heaters are being more frequently designed 
for 65 psia, and even higher. In other cases, the pumping tem- 
peratures are increased through the application of two boiler 
feed pumps operating in series with one or more closed heaters 
being located between the primary and main feed pumps. This 
frequently occurs in topping installations, where the pumps 
which fed the low-pressure boilers are retained and serve as 
booster pumps to the higher-pressure addition. 

When the direct-contact heater is fed with steam from a rela- 
tively high pressure stage of the main turbine, special attention 
must be given to the boiler feed pump suction conditions if the 
heater pressure is not held at a constant value regardless of bleed- 
pressure fluctuations, because there exists a danger of flashing in 
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the pump suction whenever a severe and sudden drop is experi- 
enced in the station load. 

As the generator dumps its electric load, the first tendency of 
the main turbine is to overspeed, because it is receiving an excess 
of steam over the requirements of the lighter load. However, 
since turbogenerators are so arranged in their controls as to pre- 
vent asynchronous operation, the turbine governor immediately 
acts to throttle the steam supply to the turbine and holds the 
turbine speed at its rated value. 

The consequence of this reduction in pressure at the steam inlet 
is a proportionate reduction at all the successive stages of the 
turbine and of course at the bleed stage supplying the direct- 
contact heater. In the meantime, the water in the storage space 
of the heater, which was at a temperature corresponding to the 
pressure in the heater, is suddenly subjected to a severe decrease 
in pressure without a corresponding decrease in temperature. 
The net result of this situation is severe flashing which occurs in 
the heater as well as in the feedwater in the suction piping to the 
boiler feed pump. 

The time element involved: in again bringing the pressure and 
temperature within the heater to a correlated value will of course 
vary with each individual case. The variation in the time com- 
ponent is due to the great variation in the size and shape of the 
storage space, since these two elements are important factors in 
the rate of flashing at the free surface of the feedwater. 

It must also be considered that the downward velocity of the 
feedwater in the suction piping is too high to permit the vapor 
bubbles generated by flashing, to rise up to the heater and thus 
to clear the boiler feed pump suction of the flashing steam. <A 
safety factor must be provided to take care of the time lag which 
exists between a certain reduction of pressure in the heater and 
the ultimate reduction of temperature at the pump suction. It is 
therefore necessary either to provide an excessive factor of 
safety in the installation of the boiler feed pump through the 
addition of an empirical percentage to the calculated net positive 
suction head or else some means whereby any appreciable pres- 
sure reduction in the heater would be accompanied immediately 
by a temperature reduction at the pump suction. 

The latter solution is obviously predicated upon the injection 
of colder water into the pump suction. While the design of a 
control for such injection is not an insurmountable problem, the 
practicability of this solution is governed by circumstances 
peculiar to each individual installation. The cooler injection 
water must be taken from the downstream side of the cycle, that 
is, either from the discharge of the condensate pump or from the 
drains of a low-pressure closed heater ahead of the direct-contact 
heater. To introduce nondeaerated condensate into the boiler 
feed pump suction is not recommended, especially in the case of 
high-pressure boilers where the possible effects of contamination 
are severe. It must be considered, however, that a high-pressure 
installation, including a direct-contact heater operating at high 
temperature, will probably also include a low-pressure closed 
heater between the condensate discharge and the direct-contact 
heater itself. It must be further considered that the drains from 
this heater, generally pumped by a separate pump into the direct- 
contact heater, are to all intents and purposes pure deaerated 
condensate, and that their injection into the feedwater suction 
stream will cause no harmful effects. 

A logical precaution, therefore, might consist in the installation 
of a by-pass line from the low-pressure heater drain pump dis- 
charge into the boiler feed pump suction. This by-pass line 
would be properly valved and controlled by some means such as 
the difference between the suction pressure and the vapor pressure 
at the suction, any decrease of this difference below a predeter- 
mined minimum causing the by-pass valve to operate and inject 
colder water into the suction of the feed pump. Two charts 
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have been prepared to illustrate the effect of colder water injec- 

“tion on the available net positive suction head. Fig. 8 shows 
the temperature depression resulting from the injection, plotted 
against the difference in temperature between the feedwater and 
the injection stream and given for varying ratios of injection. 
Fig. 9 illustrates the effect of temperature depression on the 
available net positive suction head at various feedwater tem- 
peratures, 
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Thus, for instance, if it is desired to provide 20 ft surplus net 
positive suction head at the boiler feed pump suction and if the 
feedwater temperature is 325 F', the required temperature depres- 
sion is 6 deg F. Assuming that the temperature of the heater 
drains is 227 F, allowing a 98-deg difference between feedwater 
and injection water, the by-pass line must be proportioned to pass 
0.062 of the maximum boiler feed pump capacity, or 6.2 per cent. 

Another serious problem introduced by high feedwater tem- 
peratures, especially when coupled to high suction pressures, re- 
sides in the operation of the stuffing boxes. The design of the 
pump interior parts can be accommodated to these conditions 
without undue difficulties, now that high-grade alloy stainless 
steels are readily available. The practice of shrinking impellers 
on the shaft in high-pressure applications has further helped 
solve some of the earlier problems. Finally, the design of the 
pump casing itself, through the application of materials such as 
forged steel and in some cases even stainless alloys, as well as 
through certain mechanical improvements, has likewise elimi- 
nated some of the earlier temperature limitations. 

There remains, however, the problem of providing a reliable 


and economical stuffing-box design. Certain objectives may be 
said to have been attained even in this field. For instance, within 
the last few years a more thorough understanding of the inter- 
relation of stuffing-box pressures, rubbing speeds, and leakage 
temperatures has led to an improved style of water-cooled stuffing- 
box design. Such stuffing boxes have been built suitable to with- 
stand feedwater temperatures up to 400 F and stuffing-box pres- 
sures up to 500 psi, without recourse to pressure-reducing laby- 
rinths. The construction of such a stuffing box is illustrated in 
Fig. 10. It will be noted that one of the outstanding features of 
this design is that the stuffing-box leakage is precooled before it 
reaches the packing proper. Operating records in excess of 6 
months have been obtained with this construction without re- 
newing the packing. 

While this combination of pressures and temperatures does not 
necessarily represent the ultimate limit, further increases will 
probably be reached more slowly and after much careful labora- 
tory and field experimentation. Furthermore, it may be noted 
that, at the present time and with very few exceptions, this 
range of pressures and temperatures represents the maximum 
conditions which might have to be imposed on boiler feed pump 
stuffing boxes. 

Whenever boiler feed cycle requirements are such that these 
limits have to be exceeded, the only solution resides in the 
application of pressure-reducing devices ahead of the stuffing box 
proper. Since the design of such devices has now reached a high 
degree of proficiency, the only remaining drawback to their 
application is the necessity of bleeding a part of the effective 
capacity back to a lower pressure level and the attendant reduc- 
tion in efficiency. 


PRESSURE AND TEMPERATURE CONTROL IN CLOSED FEED CYCLES 


There is a certain interesting although little known phase in 
the control problem of the so-called closed feed cycle, where 
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several boiler feed pumps are operated in series with closed 
heaters interposed between successive pumps, and where one or 
more of these pumps is operated at variable speed, as illustrated 
in Fig. 11. 

Normally, the variable-speed operation is restricted to the 
low-pressure unit of the combination, the controlling mechanism 
being either an excess-pressure or a constant-pressure regulator. 
This regulator is used to vary the speed of the centrifugal pump in 
question, which is driven by a steam turbine, a wound-rotor 
motor, or even through a variable-speed coupling. 

This control is obviously unaffected by the relationship between 
the temperature and the pressure at the suction of any one of the 
pumps so that conditions might arise where the speed regulation 
on one pump lowers the suction pressure of the following pump 
dangerously close to or even below the vapor pressure of the 
feedwater at the suction. 

While at full load the temperature of the feedwater leaving the 
individual pumps is for practical purposes equivalent to the tem- 
perature at the pump suction, this does not hold true at light 
loads, and for that reason the illustration indicates this by using 
different subscripts for the temperatures at the suction and dis- 
charge of each pump. It is obvious that the margin between the 
pressure at the suction of the secondary feed pump (74) and the 
vapor pressure corresponding to the temperature 7’, must never 
be allowed to fall below a certain predetermined value which de- 
pends on the pump design. 

The selection of the individual pump-discharge pressures is a 
relatively complex problem which is affected by the amount of 
required pressure regulation, that is, by the system head curve 
of the boiler feed cycle, by the head-capacity characteristics of 
the individual pumps, the maximum temperatures of the feed- 
water at the outlet of the various heaters, the permissible speed 
variation of the variable-speed drivers, and finally by the desired 
maximum hydraulic pressure to be imposed on the inter- 
mediate closed heaters. 

Fig. 12 illustrates qualitatively the characteristics of a typical 
closed system such as in Fig. 11. For purposes of simplification, 
frictional losses between the pumps have been neglected. It will 
be seen that the pressure at the discharge of the secondary pump 
considerably exceeds the required system head pressure at light 
loads if all the pumps are operated at constant speed, and that 
even if the primary feed pump is by-passed altogether, the 
secondary feed pump can develop sufficient pressure from shut- 
off to capacity “A.” In other words, the speed variation re- 
quired of the driver of the primary pump ranges all the way from 
0 to 100 per cent. This, obviously, is impractical for a great 
many reasons, especially if the pump is driven by a wound-rotor 
motor where reduction of speed below 50 per cent of design speed 
is seldom practiced. As a result, the operation of such a cycle at 
variable speed generally takes place along the lines illustrated in 
Fig. 13. Whatever excess pressure remains is throttled by the 
feedwater regulator. 

The important feature of a proper selection of primary feed 
pump conditions and of a suitable variable-speed control is that 
means must be made available to prevent the discharge pressure 
of the primary feed pump (P; in Fig. 11), from falling below a 
certain minimum determined by the relationship between P, (P3 
less losses through the closed heater), and the vapor pressure 
corresponding to the temperature 7,. Should certain operating 
conditions arise which might lead to a dangerous reduction of the 
difference between P, and the vapor pressure at 7',, some control 
must be instituted, actuated by this difference and arranged to 
set a definite limit to the speed reduction called for by the excess- 
pressure regulator. 

Fig. 13 indicates the introduction of such a speed-reduction 
limiting control, whereby the discharge pressure of the primary 
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feed pump is not permitted to fall below a predetermined mini- 
mum. For the sake of simplification, it has been assumed that 
the value of 7’, is constant at all loads, and therefore that the 
minimum permissible value of P; is likewise constant. Actually, 
the closed heaters are fed with steam bled from some given stage 
of the main turbine and the pressure and temperature of this 
steam are reduced as the load is reduced. Thus in an actual 
installation, the process of checking the minimum permissible 
primary feed pump discharge pressures may be a little more 
tedious than indicated here. 


CONCLUSIONS 


The foregoing discussion of boiler feed cycles has been pre- 
sented not as an attempt to catalogue in an exhaustive manner 
all the possible variations and ramifications which can be found 
in these cycles, but rather with the desire to illustrate the close 
relationship between cycle and pump design. There is no ques- 
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tion that the degree of integration of the pump into the pumping 
cycle itself is a direct criterion of the ultimate success of the 
entire installation. It is toward such complete integration that 
the pump designer, the application engineer, and the technical 
operating personnel have had to apply their efforts, and it is 
through this integration that modern centrifugal-pump designs 
have achieved their relative success. 

It is hoped that the present analysis will give rise to more 
studies of all the factors connected with high-pressure cycles, and 
thus the seed will be sown for further improvements based upon 
mutual understanding and co-operation between designer and 
operating personnel. The problems which high-pressure pump- 
ing cycles have presented have not grown easier with time. But 
it may be said, with a certain pardonable pride, that the centrifu- 
gal-pump designer has so far fully met the challenge. 


Discussion 


R. P. Moorer.? The author describes a clever means of pre- 
venting loss of the suction pressure on boiler feed pumps drawing 
water from direct-contact deaerating heaters when the load on the 
turbine is reduced. This scheme includes some automatic valv- 
ing. Experience has proved, in certain cases at least, that it is 
possible to accomplish the same result without any automatic 
ralves or other moving equipment. Proper design of the de- 
aerating heater, as is described in an article by the writer,’ ac- 
complishes the desired result. The scheme consists of placing 
baffles in the heater so as to guide the freshly deaerated water 
directly to the boiler feed pump suction and to allow any flash 
steam which forms in the water in the heater to rise to the steam 
space without interference with this flow. 

Fig. 14 of this discussion shows the baffles and vents added to 
the bleeder deaerating heater of standard design in use in Huntley 
Station No. 2 of the Buffalo Niagara Electric Corporation. The 
results accomplished by this addition are shown in curve form in 


2 Mechanical Engineering Department, Buffalo Niagara Electric 
Corp., Buffalo, N.Y. Mem. A.S.M.E. 
3 Electrical World, October 14, 1944. 
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Figs. 16 and 17, taken from the article referred to, compared to 
the conditions prior to the change, Fig. 15. In Fig. 16, the rate 
of pressure drop was such that deaerator and stage pressures re- 
mained the same. In Fig. 17 the stage pressure dropped so 
rapidly that the bleeder nonreturn valve closed, and the deaerator 
pressure could not follow. Not only has loss of pump suction 
been eliminated when the turbine load drops, even if instantane- 
ously, but the water continues to pass through the deaerator and 
is deaerated under all conditions. 


R. M. Seaco.* In connection with higher boiler feed pump 


4 Efficiency Engineer, New Orleans Public Service, Inc., New 
Orleans, La. Mem. A.S.M.E. 
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suction temperatures, the author states that in the event of a 
severe and sudden drop in station load, turbine-stage pressures 
will quickly drop resulting in severe flashing in the direct-contact 
heater serving as boiler feed storage tank and also in suction pip- 
ing to the boiler feed pump. While drop in pressure of bleed 
steam to the boiler feed heater undoubtedly contributes to the 
condition of severe flashing, it is not, in the writer’s opinion, the 
only factor involved. 

To illustrate, let us follow the train of events resulting from a 
severe and sudden drop in station load: 


1 Due to sudden decrease in load on the electric generator, 
the turbine tends to overspeed, resulting in a rapid throttling of 
control valves by the governor. 

2 Asa result of control valves throttling, stage pressures drop 
rapidly and throttle pressure rises rapidly. 

3 Sudden rise in throttle pressure may result in one of two 
effects, in so far as the boiler is concerned, depending on the 
severity of the load drop, that is, depending on whether it is 
within or without the capability of combustion control. 


If the drop is too severe for combustion control to handle, one 
or more safety valves will lift, causing an instantaneous rise in 
boiler-drum water level. The feedwater regulator might close 
completely, and if automatic recirculation is provided the boiler 
feed pump will be subjected to minimum flow as determined by 
its recirculating orifice capacity. If manual recirculation control 
is provided, under these conditions, the pump will probably be 
subjected to zero flow, resulting in severe flashing and probable 
damage to its internal parts. 

On the other hand, if the load drop is within the capability of 
combustion control to prevent popping of safety valves, another 
train of events, detrimental to boiler feed pump operation, will 
be started. Rise in throttle steam pressure will result in an 
initial rise in boiler-drum pressure causing a drop in drum water 
level, followed by a more severe drop in water level as the firing 
rate is rapidly decreased. If the feedwater regulator is of the 
single-element type, it will open rapidly, placing a sudden demand 
on the boiler feed pump and also on the boiler-feed tank. 
If the regulator is of the multiple-element type, the water-level 
effect will probably override the effect of diminished steam flow 
to result in a similar though less pronounced increase in feeding 
rate. This will result in a rapid decrease in boiler feed pump 
npsh over and above the decrease imposed by drop in turbine 
stage pressure. 

Further aggravation will also be imposed in some installations 
by quenching of vapor in the boiler feed tank by make-up water 
supplied from an auxiliary storage or surge tank. 

If return of turbine loading is rapid, as in the case of a short- 
duration electrical interruption, similar hardships will be placed 
on the boiler feed pump. Rapid increase in boiler firing rate 
will result in almost instantaneous swelling of water within the 
boiler, often causing the feed regulator to close completely. 
Again the boiler feed pump will be subjected to minimum flow 
conditions followed by a gradual return to normal flow. 

The foregoing is certainly not intended as a criticism of the 
author’s analysis of causes of erratic boiler feed pump suction 
conditions, but rather is intended as an amplification of this 
analysis in line with a personal opinion that correction of such 
conditions should be, in the majority of cases, thrown back in 
the lap of engineers responsible for the heater, piping, and pump 
layout. Obviously, sufficient submergence of boiler feed pumps 
to provide ample static suction head in excess of any reductions 
imposed by normal surges would remedy the situation without 
recourse to injection of colder water into the boiler feed pump 
suction. For the majority of cases where space or operating 
pressure limitations will not allow provision of sufficient static 


JANUARY, 1946 


suction head, the injection of colder water offers definite possi- 
bilities. 

The use of low-pressure heater condensate as injection water 
presents another problem in connection with many existing sys- 
tems. Ina typical installation, for example, at full turbine load, 
low-pressure heater condensate represents 8 per cent of throttle 
steam flow (or boiler feed pump flow). However, at one half 
load, low-pressure heater condensate is only 5 per cent of throttle 
flow. This may or may not provide sufficient injection water to 
insure adequate temperature depression at the boiler feed pump 
suction. 

In line with these possible restrictions, it might be well to re- 
examine the possibility of using condensate direct from main 
condensate pumps. It has been our experience, based on 
numerous tests on two modern condensers designed for de- 
aeration of hot-well water, that condensate leaving condensate 
pumps is oxygen-free within limits of detection, by the modified 
Winkler test, and consequently, from this standpoint, is suitable 
for injection directly into the boiler. 

Papers of this type, together with the discussions which they 
evoke, are of tangible benefit to the engineer faced with similar 
problems. Encouragement should be given to preparation of more 
papers in which the equipment designer freely discusses the 
limitations as well as the capabilities of the apparatus. 


A. J. Srepanorr.® The writer will call attention to a few 
problems in high-pressure boiler feed practice not mentioned in 
the paper, which are not caused directly by the high pressure, 
high temperatures, or pump high operating speed. One of them 
is the wear of internal parts resulting from corrosion and erosion 
commonly referred to as ‘“cutting.”” The pH value of the 
pumped water does not indicate the corrosiveness of water when 
applied to pure water. <A definite trend to purer feedwater in 
central-station application will demand wider use of stainless 
steels for pump parts than has been the case in the past. 

Mechanical problems connected with high-pressure high- 
temperature boiler feed pumps were not different from those 
encountered with the hot-oil charging pumps. A number of 
these were in service some 10 to 15 years ago, pumping oils at 800 
F, maximum pressures from 1000 to 1500 psi (2300 psi was used 
at one refinery) and 4000 rpm pump speed. Even with the most 
corrosive (sour) oils, pump-casing cutting was practically un- 
known with hot-oil pumps. 

Pressure ‘“‘surges,” accompanied by the capacity, speed, and 
power fluctuations, presented another problem in boiler feed 
pump operation not previously encountered in hot-oil or any 
other pumping service. Such surges are of the same nature as 
those observed in hydroelectric power plants frankly and com- 
pletely discussed in a paper by Rheingans.* Both systems have a 
mass of water suspended between, the free surfaces at their ends. 
This is free to oscillate if some impulses appear at a frequency 
synchronous with that of the natural frequency of the system. 
As a result of such fluctuations, in the case of boiler feed pumps, 
the piping may require additional bracing, and some pumps can- 
not be operated at low capacities. R. Dziallas? has studied the 
surges and was able to reproduce those in a laboratory setup. 

It should be noted that condensate-pump cycle presents 
another swinging system with two free water surfaces at the ends, 
but no surges are observed on this system as long as the con- 
densate pumps operate beyond the breakdown point on the head- 


5 Engineer, Cameron Engineering Department, Ingersoll-Rand 
Company, Phillipsburg, N. J. Mem. A.S.M.E. 

6“Power Swings in Hydroelectric Power Plants,” by W. J. 
Rheingans, Trans. A.S.M.E., vol. 62, 1940, pp. 171-184. 

7 “Schwingungen bei Kreiselpumpen mit labiler Kennlinie,” by R. 
Dziallas, Archiv fiir Warmewirtschaft und Dampfkesselwesen, March, 
1941, pp. 63-66. 
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capacity curve, Fig. 4 of the paper, because cavitation destroys 
the regularity of impulses in the system. Similarly, surges can 
be stopped on any boiler feed pump by throttling the pump dis- 
charge slightly (sometimes as little as 20 psi), thus destroying the 
regularity of the water mass oscillation. 

The writer does not believe that the author’s criticism of 
European engineering or training is justified. The high-pressure- 
boiler development is only one example of European engineering 
achievement. 

In so far as pump speeds are concerned, the general trend 
toward higher speeds is very definite in this country too. While 
3600 rpm was a top speed only recently, 6000 to 7000 rpm is 
quite common now. Cost is only secondary to weight and space 
saving, and hydraulic advantages in the advance in the operating 
speeds of boiler feed pumps. 


G. H. Van Hence.’ The paper gives a good detailed descrip- 
tion of the difficulties encountered when operating centrifugal 
pumps with net positive suction heads close to their guarantee. 
These pitfalls are generally not realized when the layout of a 
plant is made and are difficult to correct afterward because they 
are dependent on the elevations which have been fixed by the 
structure of the building. 

In large power stations where bleeding is used, a change of load 
will change the pressures in all the turbine stages practically pro- 
portionally to the load. Thus in case 20 per cent of the turbine 
load is dropped, the stage pressures will also drop 20 per cent, and 
with them the heater pressures. All the pumps extracting from 
these bleeding heaters will therefore be suddenly robbed of 20 
per cent of their suction pressure. 

The stage temperatures, however, because of the heat storage 
in the condensate present in the heater, will not drop as rapidly. 
It is this phenomenon of the lag in temperature with respect to 
pressure that causes a difficult condition for the heater pumps. 
Because this lag depends on various conditions of the layout 
and the rate change of load, it differs for each individual case. 
The whole matter reduces to the question of how fast the load on 
the turbine drops in comparison to the ensuing rate of tempera- 
ture changes in the heater. 

This comment is intended to emphasize the severity of the 
condition of pump operation caused by the persistence of this lag, 
and to show a ready method of calculation to provide for any con- 
dition that may occur. 

Let us now consider different cases of installation and required 
operation. For all cases, we assume: That no undercooling of 
the condensate leaving the heaters exists in regard to the steam 
entering the heaters or that the pump is running with a net posi- 
tive suction head at the least value required for its operation. 


The following cases are discussed: 


1 Instantaneous load drop. 

2 Very gradual load drop. 

3 Decrease of load throughout a given period. 
(a) With nostorage capacity. 
(b) With storage capacity. 


Case 1. Instantaneous Load Drop. As a basis of calculation, let 
us assume that the load change on the turbine is instantaneous 
and that the temperature in the heater does not change, a case 
which corresponds to infinite storage capacity. For safe opera- 
tion, an excess suction head has to be available to provide a 
corresponding pressure drop. To calculate this excess suction 
head, we can readily determine the head equivalent of the 
assumed sudden pressure drop by using the conservative formula, 
1 psi pressure = 2.6 ft head. Thus a sudden drop of 10 psi on a 


® The Detroit Edison Company, Detroit, Mich. Mem. A.S.M.E. 


heater would demand an excess net positive suction head of 26 ft 
on the pump to prevent unsafe operation. 

Example: A condensing 80,000-kw turbine with 17 stages has 
a main steam pressure and temperature of 800 psia and 900 F. 
It has four direct-contact heaters supplied with steam bled from 
the 4th, 7th, 10th, and 13th stages at full-load stage pressures of 
250, 100, 40, and 8 psia, respectively. If there is a sudden load 
drop of 20 per cent, the conditions which result are as listed in 
Table 1 of this discussion. 


TABLE 1 CONDITIONS weet FROM 20 PER CENT LOAD 


-——Heater stages——~._ Con- 
4th 7th 10th 13th denser 
1 Full-load pressure, psia.............. 250 100 40 8 0.50 
2 80 per cent load pressure, 0.80 X (1), 
200 80 32 6.4 0.47 
3 Sat.temp corr. to (1),degF.......... 401 327 267 183 80 
4 Sat. temp corr. to (2),degF.......... 382 312 254 173 28 
5 Temp diff. due to load, (3-4), degF... 19 15 13 10 2 
6 Head increment needed on heater 
pumps [2.6 (1-2)], ft water........ 130 8652 21 4 0.08 


Table 1 shows that with an instantaneous drop of load of 20 
per cent and with the greatest possible temperature lag in the 
heaters, we would have to provide 130, 52, 21, 4 ft additional head 
on the pumps if this instantaneous drop in load is to be provided 
for. 

For a hot-well pump on a condenser with automatit level con- 
trol, however, the table shows that the sudden 20 per cent drop of 
turbine load demands only 0.08 ft excess suction head. There- 
fore, for the condenser hot-well pump, sudden drops of turbine 
load can never be a serious factor to be considered in design. 

For the heaters this is somewhat different. It must be noted 
here that for the heaters the additional net positive suction head 
required is proportional to the absolute heater pressure. The 
higher the heater pressure, the more probability there is for losing 
the suction of the heater pump and the more margin in suction 
head we should have on the pump. 

Case 2. Gradual Load Drop. At the other extreme is the 
case of dropping the load over a very long period which will 
cause the heater condensate temperature to follow the bled- 
steam temperature with no lag. 

The suction head which must be provided on the pumps in 
excess of the manufacturer’s guarantee would then be zero feet 
for this case. 

The actual provision of suction head to be made must lie be- 
tween the two extreme Cases 1 and 2. 

Case 3(a). Decrease in Load Throughout a Given Period of 
Time—No Storage Capacity. Now assume that the load drops 
not instantaneously, but 20 per cent in 5 min; furthermore, that 
the condensate level is not in the heater but in the suction pipe; 
a case with practically no storage capacity. Then for the 4th- 
stage heater in the example, the condensate should increase its 
pressure by flowing downward at a rate of at least 130 ft in 5 min, 
or 0.43 fps if we want to prevent flashing. This 0.43 fps will thus 
determine the maximum size of our pump suction line. 

If we have an existing installation, then our suction velocity 
should be greater than 0.43 fps for successful operation. 

Case 3(b). Decrease in Load Throughout a Given Period of 
Time—With Storage Capacity. Assume again 20 per cent load 
drop in5 min. The case can be considered first as Case 3(a), but 
the hot-well cross section replaces the suction-line area. In 
addition, the colder condensate flow will mix with the hot-well 
storage, reducing the required suction head. This problem has 
to be solved mathematically and is dependent on heater hot- 
well capacity and rate of steam going to the heater. Space 
limitations prevent treating this case. 


All cases so far treated assumed no undercooling or no addi- 
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tional net positive suction head. In direct-contact heaters, 
the undercooling will be practically zero. In closed heaters some 
undercooling always exists. Assume a 5-deg F undercooling for a 
closed heater on the 4th stage of the example given. The net 
positive suction head needed would be reduced by 


5 
Io 180 = 


Also, if regulation of the pump discharge is taking place, it 
may be possible that additional suction head is available at the 
time the load is dropped. 

For safe operation of the heater pump, with time for load drop 
asin Cases 3(a) and (6), the undercooling and the additional suction 
head available during operation reduce the maximum head re- 
quired under Case 1. 

Conclusion. Power stations should be designed not only to 
meet maximum load conditions, but also certain rate changes in 
load. For instance, the requirements for the net positive suction 
head on heater extraction pumps (boiler feed or heater drain 
pumps), due to sudden load drops, are not sufficiently recognized. 
Oversight of this fact often leads to dangerous operation which is 
difficult to correct because of the limitations of the building 
structure. The problem of variability in load during operation 
must therefore be thoroughly investigated during the pre- 
liminary layout of the station. 


AUTHOR’s CLOSURE 


The author wishes to acknowledge with appreciation the con- 
tributions of the discussers. 

Mr. Moore’s solution of the problems introduced by sudden 
load fluctuations is an extremely valuable contribution to satis- 
factory heater operation and, the author believes, should be well 
studied by feedwater heater designers. While the possibility 
remains that this solution may not meet all cases, it is gratifying 
to see that it attacks the problem exactly where it arises, that is 
in the feedwater heater. One of the features of this solution 
which remain to be investigated resides in the effect of the baffling 
arrangement described on installations embodying very large 
feedwater storage volumes, where such baffling may lead to ex- 
cessive subcooling of that portion of the stored feedwater which 
is farthest removed from the heater outlet. The author is con- 
fident, however, that even this problem is not unsurmountable. 

The additional effect of boiler controls on the phenomena 
which take place at a boiler feed-pump suction on a sudden drop 
of main turbine load are very well brought out by Mr. Seago. 
While a sudden increase in boiler feedwater demand may or may 
not impose additional difficulties, depending upon the margin 
available over the minimum npsh at maximum pump flow, the 
reverse case—that of complete closure of the feedwater regu- 
lator—introduces very serious possibilities. 

If we were to assume that the sudden load drop occurs when 
operation was taking place between 50 and 100 per cent full load 
and that the by-pass is manually controlled, it is logical to expect 
that all by-passes are closed at the time of the load drop and the 
pumps may be severely damaged. This, incidentally, is quite 
independent of the suction pressure and temperature and could 
occur even if the pressure in the heater was pegged to a definite 
value. Much as it may be desired to avoid the introduction of 
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additional controls, the sequence of events outlined by Mr. 
Seago shows the advantages and the added protection afforded 
by an automatically controlled by-pass. 

If, as Mr. Seago states, the low pressure heater condensate at 
one-half load corresponds to but 5 per cent of the throttle flow, 
its injection into the feed pump suction may or may not be suf- 
ficient to afford the required protection against flashing. Assum- 
ing the conditions outlined in the paper, that is, 325 F feedwater, 
227 F heater drains, and a required margin of 20 feet—the in- 
jected condensate must be 6.2 per cent of the boiler feed pump 
capacity and in accordance with Mr, Seago’s statement, the 
available condensate is insufficient. On the other hand, assum- 
ing the same temperature conditions, a 5 per cent injection will 
provide about 17 ft surplus npsh (see Figs. 8 and 9) and may be 
sufficient in some oases. Obviously, where it is possible to use 
the discharge from the condensate pumps, the available flow is 
fully ample and because of the greater temperature differential, 
the percentage of injected feedwater appreciably reduced. It 
must be remembered that the injection is an emergency measure 
and that the slight danger of feedwater contamination is justifia- 
ble, especially since the emergency is not a frequent one. 

The problems of corrosion and erosion of internal boiler feed- 
pump parts mentioned by Mr. Stepanoff have been purposely 
omitted from this paper as their importance merits a complete 
and separate study, while their inclusion would have lengthened 
the present paper unnecessarily without exhausting the subject 
matter. It may be of some interest to mention, however, that 
very serious studies have been carried out on these problems 
within the past twelve months. The preliminary results seem to 
justify the growing trend toward stainless steels mentioned in 
Mr. Stepanoff’s discussion as well as in the author’s paper. It 
is already becoming apparent that stainless steel casings in a 
range from a minimum of 4 per cent chromium content to the 
25 per cent chromium-20 per cent nickel type, will be utilized 
to a much greater extent than heretofore. Coupled to the al- 
ready prevalent use of stainless steel fittings, this trend gives 
definite indications of solving the twin problems of corrosion and 
erosion, even at the higher stage pressures predicted. 

No criticism of European engineering or training was voiced 
or even implied by the author. The comparison of practices was 
brought out to illustrate the possible effect of economic and geo- 
graphical circumstances on engineering designs and no issue can 
be taken with the fact that European labor is cheaper than in the 
U. S. A. and raw materials less available. 

Mr. Van Hengel’s calculations illustrate very forcefully the 
theoretical head increment needed on pumps taking suction from 
direct contract heaters operating at high pressures, both with 
instantaneous and gradual load drop. Fortunately for the power- 
plant designer, the usual case corresponds to Mr. Van Hengel’s 
Case No. 3 and the entire theoretical increment in npsh need 
not be provided for. The determination of the minimum per- 
missible safety margin in npsh is rather complex but can be 
carried out fairly accurately by the feedwater heater designer, 
once all the contributory factors and component data have been 
made available. It is highly important, however, that power 
stations be designed, as Mr. Van Hengel states, not only to meet 
maximum load conditions, but also the expected range of load 
changes. 
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The Behavior of a Hot-Wire Anemometer 
Subjected to a Periodic Velocity 


By R. C. MARTINELLI! anp R. D. RANDALL,? BERKELEY, CAL. 


A method is presented which allows a rapid graphical 
prediction of the response of the constant-current hot- 
wire anemometer to a periodic velocity. From such a 
prediction the suitability of the hot-wire anemometer for 
any particular application can be readily determined. 
The method is demonstrated by several illustrative ex- 
amples. 


NOMENCLATURE 


The following nomenclature is used in the paper: 

surface area of wire, sq ft 

temperature coefficient of resistance, deg F~! 

constant of integration 

heat capacity of wire, Btu/(lb)(deg F) 

base of Napierian logarithms 

voltage across hot-wire anemometer at any temperature, 
t, volts 

Voltage across hot-wire anemometer when wire is at 
room temperature, volts 

E — Ea, voltage across hot wire referred to room-tem- 
perature voltage, volts 

voltage across hot wire, referred to room-temperature 
voltage, corresponding to mean velocity, volts 

voltage across hot wire, referred to room-temperature 
voltage, corresponding to conditions of zero thermal 
lag, volts 

unit thermal conductance between hot wire and air, 
Btu/(hr)(sq ft) (deg F) (actually f includes convection, 
radiation, and conduction to anemometer supports) 

current through hot wire, amperes 

function of time defined in text 

function of velocity defined in text 

“characteristic” of hot wire, defined in text, volts per hr 
or volts per sec 

resistance of wire at any temperature, t, ohms 

resistance of wire at room temperature, ohms 


em 


de 
rr = rate of change of voltage with time, volts per hr or 


volts per sec 
= temperature of hot wire, deg F 
temperature of air around hot wire, deg F 
weight of hot wire, lb 
time, hr 
number of Btu per hr in 1 watt 


Te 
6= 


3.413 = 


INTRODUCTION 


The hot-wire anemometer, as normally operated, consists of a 
small wire (usually of platinum) suspended between supports in a 
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fluid stream and heated by an electric current. Variations of 
the velocity of the fluid flowing past the hot wire produce corre- 
sponding variations in the heat lost from the wire and thus vary 
the wire temperature, which in turn alters its electrical resistance. 
By proper calibration, the wire resistance can be correlated with 
the velocity of the fluid flowing past the wire, and therefore the 
hot wire can be used for the measurement of fluid velocities. 

The application of the hot wire to the measurement of steady 
velocities or to small velocity fluctuations about a large mean has 
been the subject of many studies (1 to 11). Some work has also 
been done on the behavior of the hot wire when subjected to small 
velocity fluctuations about a zero mean, mainly in conjunction 
with the hot-wire “microphone” (12 to 15). The hot wire has 
also been utilized to measure fluctuating wind velocities, which 
are usually relatively large variations in velocity of rather low 
frequency (16, 17). 

In all these applications the lag of the response of the hot wire 
to velocity variations, due to the heat capacity of the wire, has 
been given considerable attention. However, no complete 
analysis of the problem has been presented which would allow 
the prediction of the hot-wire behavior when subjected to large 
velocity variations of relatively high frequency. It is the purpose 
of this paper to present such an analysis. 


L 


T T 


DESCRIPTION OF IDEAL SysTEM 


In the following discussion a hot wire of length L and diameter 
D is considered suspended between two supports, Fig. 1. The 
actual system will be idealized as follows: 


1 The temperature of the wire is considered uniform at all 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


i 
f 
~ ‘Ou 
S = 
Fic. 1 Hot-Wire ANEMOMETER 
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times. This is not strictly true because of the cooling of the ends 
of the wire by the supports, and the radial temperature distribu- 
tion existing in the wire during transient operation. 

2 The wire operates at constant current. This requirement 
is easily met in the actual system. 

3 All heat losses from the wire are proportional to the differ- 
ence in temperature between the wire and the ambient air. 

4 The heat loss from the wire at any fluid velocity during 
transient operation is exactly equal to the heat loss at the same 
velocity during steady-state operation. 


Basic EQuATIONS 


Since the operation of the hot wire depends upon its heat loss 
to the surrounding fluid, the basic equation describing the opera- 
tion of the anemometer is a heat balance on the wire. During 
transient operation, the energy supplied to the wire by the elec- 
tric current appears in two places; part of it is lost to the sur- 
roundings, and the remainder is used to heat the wire from one 
temperature to another. Thus the heat balance becomes 


The first term represents the heat required to change the tempera- 
ture of the wire, by an amount dt in a time dé; the second term 
represents the heat lost to the surroundings; and the last term 
the heat supplied by the electric current. All term sare in Btu 
per hour. Equation [1] is the basic equation for the idealized 
hot-wire anemometer. 

In practice it is more convenient to measure the voltage drop 
across the wire than to measure the wire temperature. The tem- 
perature and voltage are simply related, as shown below. 

The resistance of the hot wire R, at any temperature t, may be 
written as 


R = + alt — [2] 


where R. is the resistance of the wire at the temperature of the 
ambient airta. The voltage across the wire at constant current 
is 


E =iR = iRa[l + a(t = Eo[l + a(t —7.2)]).. [3] 
Thus 


dE 
[4] 
and 
E— Eo 
= [5] 


Substituting in Equation [1] yields 
dE fA 3.413 Ro *) 
— + (E— Eo) = |———__ ] E 
dé * Wc, al ) ( wc, 


For simplicity, a new variable e = E — Ea may be defined. 
Then Equation [6] becomes 


de (fA —3.4137Rea 
= | [7 
det ( WC, )e We, 7] 


The problem of determining the behavior of the hot-wire ane- 
mometer subjected to a periodic (or fluctuating) velocity is then to 
solve Equation [7], obtaining e as a function of time, corre- 
sponding to a given variation of the velocity as a function of time. 
Although the velocity, per se, does not appear in Equation [7], 
variations in velocity cause definite variations of the unit thermal 
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conductance f, and thus the coefficient of e in Equation [7] is a 
function of velocity, and finally of time, since the velocity de- 
pends upon time. An idea of the variation of f with time can be 
obtained as follows: 

If the frequency of velocity variation is not too great, it may be 
postulated that, during a cycle of velocity variation, the value of f 
at any instantaneous velocity v is equal to the value of f which 
would have been obtained at an equal steady velocity. With a 
given current flowing through the wire, values of f versus v may 
be obtained at various steady velocities. A typical plot of f ver- 
sus v is shown in Fig. 2. The variation of f with v is complex be- 
cause at zero velocity, free convection, radiation, and conduction 
are important; while at high velocities forced convection con- 
trols. Now, assuming the data for Fig. 2 are applicable at each 
instant of a cycle of variable velocity, the construction of Fig. 3 
would yield the corresponding variations of f with @. 
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It is noted that although the velocity v becomes negative, the 
value of f is, of course, always positive since heat is transferred re- 
gardless of the direction of air velocity. At the point »v = 0 the 
curve of f versus v may not be exactly symmetrical due to free 
convection effects (2, 9, 12, 14). 

Since f varies with time, the coefficient of e in Equation [7] is 
a function of time, and Equation [8] may be formally written as 


de 


h 
ey 
600; 
500 
4 
B 
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where 


P(6) 


A — S418 PRe *) 
we, 


and 


= (3418 
we, 


The formal solution of Equation [9] is (18) 


Unfortunately, this formal solution is of little use, since the 
analytical expression for P(@) is of such a nature that direct in- 
tegration is impossible. Maxwell (15) has solved Equation [8] 
for small periodic-velocity variations about a zero mean by ex- 
panding the voltage e in a Fourier series. This method, however, 
is laborious and not practical for engineering purposes. Fortu- 
nately, another method of solution of Equation [8] is available, 
namely, the method of isoclines (19), which in this particular case 
leads quickly to an engineering answer. 

In the isocline method, Equation [8] is plotted on the e-0 
plane, using constant values of (de/dé@) as a parameter. Having 
established loci along which de/d@ is constant, short lines are 
drawn with a slope of de/dé@ on these loci. The plane therefore 
becomes covered with these ‘‘direction” lines. Having the initial 
condition given locates a point in the plane, and the desired 
solution is found by drawing a curve from this initial point, 
always tangent to the direction lines. This curve will, of course, 
satisfy Equation [8] and also the initial condition and therefore 
is a solution of the equation. 

A difficulty still remains, however, since the function P(@) is 
not known. Inspection of Equation [8] reveals a method of 
obtaining this function by a simple graphical method. 

When the steady-velocity calibration curve of the anemometer 


ae 
is obtained, since a 0, Equation [8] reduces to 


where P is now a function of v rather than 6, since f depends on v. 


The subscript 0 denotes a condition of zero thermal lag. A plot 
of é9 versus v obtained experimentally then yields 
Q 
P(v) 


A typical calibration curve, which can be readily obtained ex- 
perimentally, is shown in Fig. 4. It is noted that Fig. 4 is closely 


akin to Fig. 2. 


| 


° 10 20 
AIR VELOCITY, 


IN STILL 165 VOLTS 
| 


VOLTS 


50 


30 40 
FT/SEC 


Fig. 4 Sreapy-Vevocrry CaLrpraTIon oF A 0.0005-IN. Hor Wire 

Now if a periodic velocity of very low frequency, as 0, is 
applied to the hot wire, the construction shown in Fig. 5 can be 


made. Projecting the instantaneous velocities on the steady- 
velocity calibration yields the voltage eo, existing across the wire 
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at each instant of time. Thus on the right of Fig. 5, the curve 
plotted represents the voltage-time variation across the anemome- 
ter if there is no thermal lag. The curve therefore represents 


= Poe [12] 


le 
and is the locus of the isoclines zs = 0. Equation [12] allows 


the evaluation of the function P(@). Returning to Equation 
[8] and substituting the foregoing relation 


de Q 


de 
Thus curves of constant qe = S become 


e= *) on €0(8) (1 — 5) [14] 


Equation [14] represents the locus of isoclines of value S and is 
immediately known once é(@) and Q are known. 

It should be remembered that this method is based on the 
postulate that the heat loss at any velocity v, during a cycle of 
periodic velocity variation, is exactly equal to the heat loss at the 
same velocity during steady-flow operation. This postulate may 
not be exactly true because of the difference in the hydrodynamic 
conditions about the wire in the two cases. Experimental work 
needs to be performed to check this point. 

If the method is experimentally verified, it may be possible to 
correct an experimental response curve by means of Equation 
[14] to obtain e(@), from which the true velocity existing at any 
instant may be determined. 


NUMERICAL EXAMPLES 


Two numerical examples, illustrating the application of the iso- 
cline method of solution, will be presented. The first example 
shows the prediction of the response of the hot-wire anemometer 
subjected to a periodic velocity of 13 fps about a zero mean, 
with a frequency of 5 cycles per sec. The second example shows ~ 
the response of the hot wire to a periodic velocity with an ampli- 
tude of 8 fps about a mean of 20 fps, with a frequency of 5 cycles 
per sec, and also 50 cycles per sec. 
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The following data are available for both examples: 


1 Steady-velocity calibration curve of the wire operating with 
a constant current of 0.140 amp. 
2 The properties of the hot wire as follows: 
(a) Material = platinum 
(b) Diameter = 0.000532 in. (may be calculated from re- 
sistance and resistivity of wire) 
(c) Length of wire = 0.285 in. 
(d) Resistance at room temperature = 4.60 ohms 


The following properties of platinum are used in the calcula- 
tions: 


(a) Density = 1340 lb per cu ft 
(b) Heat capacity = 0.032 Btu/(lb) (deg F) 


From these data the quantity Q can be calculated 
Q = 2.12 X 10® volts per hr = 59 volts per sec 


Example 1. The velocity cycle shown in Fig. 6, which has an 
amplitude of 13 fps and a frequency of 5 cycles per sec, is pro- 
jected on the steady-state calibration curve, and the zero lag 
response determined. This curve is also the locus of the isocline 
S =0. To determine the loci of other isoclines, the values of é 


S 
at each instant are multiplied by (1 _ =) where S is measured 


in volts persecond. These loci, for several values of S, are shown 
in Fig. 6. Having established the isocline field, the response of 
the anemometer can be determined by starting at any point 
and following the isoclines until the resulting curve becomes peri- 
odic. The periodic curve represents the steady-state behavior of 
the hot wire. The initial point at which the curve is started is 
of no consequence, since the steady-state solution is independent 
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of the initial conditions. The response of the hot wire in the first 
cycle or so represents the transient behavior of the wire before 
reaching steady state. Two initial conditions are shown in Fig. 6, 
both, of course, leading to the,same steady-state solution. Fig. 
6 reveals clearly the effect of the heat capacity on the hot-wire 
response. It is interesting to note that due to the nonlinearity of 
the steady-state calibration curve, the lag differs at various parts 
of the cycle. Also the wire never heats up to its “‘still-air” tem- 
perature even when the velocity cycle passes through zero. Thus 
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the voltage across the wire never exceeds 1.0 volts, although the 
still-air voltage is 1.65 volts. 

Example 2. In example 2, shown in Fig. 7, the wire is sub- 
jected to a periodic velocity of 8 fps. The isocline method is 
again used to predict the behavior of the hot wire for frequencies 
of 5 and 50 cycles per sec. For simplicity, the construction lines 
are not shown. The figure reveals that for a frequency of 5 
cycles per sec, the lag and the reduction in amplitude are very 
small, but for 50 cycles per sec, they have become appreciable. 
It is also noted that at higher frequencies the higher harmonics 
in the response curve are damped out and the response curve 
approaches a pure sine wave. A comparison of the lags and 
reductions in amplitude obtained by the isocline method, with 
the approximate equation of Dryden and Keuthe (6), reveals a 
good check for the low-frequency response, and considerable 
divergence for the high-frequency curve. 


CONCLUSIONS 


A method has been presented which allows a rapid graphical 
prediction of the response of a hot-wire anemometer to periodic 
velocities. From such a prediction, the suitability of the hot 
wire for any particular application can be readily determined. 
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The Practicability of Vibration Control in 
Light Aircraft 


By DWIGHT C. KENNARD, JR.,! DAYTON, OHIO 


The approach of the Air Technical Service Command to 
the problem of developing and evaluating a new engine- 
mount design is outlined, including a description of in- 
strumentation, methods of vibration analysis, and pres- 
entation of natural-frequency formulas for elastically 
mounted power plants. The results of flight-vibration 
tests are presented for the standard engine mount, and an 
improved experimental engine mount installed in the 
North American AT-6C airplane. The results are dis- 
cussed in detail showing the relative merits of the two 
engine installations. The test results show that the ex- 
perimental engine mount, by providing natural frequen- 
cies of the mounted power plant which fall within the 
frequency range specified by the Air Technical Service 
Command, reduces appreciably the vibration of the 
engine and airplane structure. 


INTRODUCTION 


HE development of successful antivibration mountings 

for aircraft radial engines of 1800 or more cu in. displace- 

ment has not been paralleled in the field of smaller aircraft 
engines. This development apparently has lagged owing to the 
understandable reluctance on the part of airplane manufacturers 
to accept what was considered to be a penalty in weight and cost 
in light airplane designs incorporating antivibration engine 
mountings. Pilots came to regard many of the light airplanes as 
uncomfortably “rough,” and maintenance problems due to ex- 
cessive vibration were looked upon as an inherent evil in such 
airplanes. However, the benefits of vibration control in air- 
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planes equipped with larger engines was proving so successful that 
the Air Technical Service Command undertook a program of re- 
search and development directed toward attaining like benefits 
in light airplanes. Efforts were directed toward realizing an 
effective yet practical antivibration engine-mounting system for 
such light engine installations as are used in training, cargo, 
liaison, and other types of Army aircraft. 

As a first step in this program, the Air Technical Service Com- 
mand issued a design specification,? defining requirements for the 
antivibration provisions to be incorporated in an experimental 
engine mount for the Pratt and Whitney R-985 engine. Such a 
mount was subsequently procured*® and thoroughly tested with 
an R-985 engine installed on a test stand. Upon satisfactory 
completion of these tests, the second step was to procure a 
similar engine mount for the Pratt and Whitney R-1340 engine to 
be installed in an AT-6C airplane. 

This paper concerns the vibration tests which were conducted 
by the Air Technical Service Command on the AT-6C standard 
and experimental engine-mount installations in flight (1).4 


DESCRIPTION OF THE AT-6C AIRPLANE 


The North American AT-6C airplane which was chosen for the 
test program is a two-place all-metal low-wing monoplane with 
monocoque fuselage and full cantilever wings, Fig. 1. The 
landing gear is the conventional type and.is_ retractable. 
The tactical mission of the airplane is to provide a means for the 
advanced training of student pilots and their transition flying 
training to combat-type airplanes. The airplane is equipped 
2? This specification embodied the standard AAF requirements 
which restrict the natural frequencies of the mounted power plant 
to a lower limit of 400 cycles per min and an upper limit corresponding 
to 45 per cent normal rated engine rpm, or 75 per cent normal rated 
propeller rpm, whichever has the lower value. 

3 This engine mount was designed and manufactured by the 
United Aircraft Corporation, Pratt and Whitney Engine Division, 
and the Goodyear Tire and Rubber Corporation. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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with a Pratt and Whitney nine-cylinder single-row air-cooled 
radial R-1340-AN-1 engine, which drives directly a Hamilton 
Standard two-blade controllable-pitch constant-speed alumi- 
num-ailoy propeller, 9 ft diam. The engine has a power rating of 
550 bhp at 2200 rpm and produces a maximum power for take-off 


amounting to 600 bhp at 2250 rpm. 


bd 
Fic. 3 STanparD ENGINE Mountine Unit ror AT-6C AIRPLANE 


ENGINE Mounts TESTED 


The engine mounting structure is the conventional welded- 
steel tubular-truss construction, embodying a circular ring, 
around the periphery of which are welded the engine attaching 
bosses. The nine equally spaced bosses of the standard mount 
are provided with elliptically shaped recesses which accommodate 
compression-type rubber blocks interposed between the mounting 
structure and the crankcase attaching bolts, Figs. 2 and 3. Ex- 
perience has shown that this type of elastic mounting is not 
generally effective because the rubber affords insufficient elas- 
ticity when forced to act in compression. 

The experimental mount tested utilizes six engine attaching 
points (attaching points behind cylinders Nos. 1, 4, and 7 are 
omitted). This arrangement provides symmetrical elastic re- 
straint by virtue of the fact that three pairs of mounting units are 
equidistantly spaced about the periphery of the mounting ring, 
Fig. 4. The engine-mount bosses are set at an angle with circular 
shear type sandwich rubber bushings located on each side of the 
bosses. The bushings are much stiffer in a compressionwise 
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direction than in the shear direction so that they act as direc- 
tional springs tending to deflect mainly in the shear plane which 
is parallel to the bonded steel facing plates, Fig. 5. The bushings 
are held in place on each side of the mounting-ring bosses by 
forged angle bolts so that no metal-to-metal contact is allowed 
between the bolts and the bosses. The directional stiffness of the 
bushings is utilized by arranging the faces of the mounting-ring 
bosses to bear an angular relationship to the thrust line in such a 
way that the elastic center of the mount coincides with the center 
of gravity of the power-plant mass. This arrangement is termed 
“virtual center of gravity suspension” of the power plant. The 
outer bonded steel facings of the rubber bushings are eccentric 
with respect to each other so that when they are deflected by full 
engine torque, they become approximately concentric. The inner 
steel faces of the rubber bushings are locked to the mounting-ring 
bosses by mating dowel pins. The flanges of the inner faces also 
mate with the mounting-ring boss so as to effect a journal bearing. 
Shoulders on the forged angle bolt space the outer steel facings 
when the nut is tightened. Torque arms join adjacent angle 
bolts so that they cannot twist. Table 1 presents a weight 
breakdown for the two engine-mount assemblies tested, which 
shows that the experimental assembly entails an increased weight 
over the standard assembly amounting to only 4.5 Ib. 
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TABLE 1 WEIGHT BREAKDOWN FOR STANDARD AND 


EXPERIMENTAL MOUNTING ASSEMBLIES 
Weight, lb 


Experimental mounting assembly, shown in Fig. 4............ 43.75 
Standard mounting assembly, shown in Fig. 2................ 39.25 
Experimental mounting units, total.................00-0008- 9.48 
Rubber sandwiches, 12 required..............0eeeeeceeees 4.02 
Standard mounting units, ee 5.09 
Rubbver bushings, 18 required..... 0.92 
Engine mount bolts, 9 required..........0.ccccccceees 2.52 
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Fic. 6 ScuHematic ARRANGEMENT OF VIRTUAL-CENTER-OF-GRAVITY 


PowER-PLANT SUSPENSION 
ESTIMATION OF PoWER-PLANT NATURAL FREQUENCIES 
It has been shown that the stiffnesses of a virtual-center-of- 
gravity type power-plant suspension may be expressed as follows, 
referring to Fig. 6 (2): 
Roll about the crankshaft axis 
R,, = Nkr? in-lb per radian 


Pitching or yawing about the lateral or vertical axis 


Nkr? | a? a. 2 
Ry = Ry = + L sin — cos 8 
cos B + sin s) | per radian 
r 


Thrustwise along the crankshaft axis 
K,, = Nk(sin? 8 + L cos? 8) |b per in. 


Along the lateral or vertical axis 


K 


vy Ky = 


Nk 
y [1 + (cos? 8 + L sin? g)] Ib per in. 


where V = number of equally spaced mounting units 


k = shear rate of each mounting unit, lb per in. 

L = ratio of compressionwise rate to shear rate of each 
unit 

r = radius of mounting units, in. 

a = distance between plane of mounting units and virtual 


point of suspension, in. 
8 = angle made by the compression axis of mounting 
units with respect:to thrust line, deg 


It can be shown that the point of virtual suspension may be 
expressed as 


1 r sin 28 
in. 
2 2 
sin2 
+ sin? 


Neglecting the effect of gyroscopic forces and structural cou- 
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pling, the natural frequencies may be determined by the wefl- 
known relationships 


60 Angular stiffness 60 [R 
- — — — cycles per min. 
2r 


2r Moment of inertia 


or 
6 Translational stiffness 60 
= — @ cycles per min. 


Applying these equations to the experimental mount under 
consideration 

N=3X2=6 

k = 1250 Ib per in. 

L = 12.7 

r = 12.2 in. 

a = 10.75 in. 

8 = 35 deg 


Power-plant moment of inertia about the thrust axis (minus 
propeller inertia) = 240 |b-in. sec? 

Power-plant moment of inertia about the vertical or lateral axis 
(including maximum propeller inertia) = 355 lb-in. sec? 

Weight of power plant (including propeller) = 996 Ib 


Roll about the crankshaft axis 
Stiffness = 6 X 1250 X 12.2? = 1,120,000 in-lb per radian 


60 _/1,120, 20,000 
Natural frequency = — = 645 cycles per min 
2r 240 


Pitching or yawing about lateral or vertical axis 


6 xX 12.2 x 1250 10.75? 10.75. 
Stiffness. = — — — -- 12.7 | —— sin 35° 
2 12.22 12.2 
2 10.75 2 
— cos 35°) + ( a cos 35° + sin 35°) ] 
= 1,170,000 in-lb per radian 
60 ./1,170,000 
Natural frequency = = 547 eycles per min 


2r 355 
Thrustwise along the crankshaft axis 
Stiffness = 6 X 1250 (sin? 35° + 12.7 cos? 35°) = 66,500 lb 
per in. 
60 _ [66,500 
Natural frequency = — @— X 386 = 1520 cycles per min 
2r 996 
Laterally or vertically 
6 X 1250 


Stiffness = (1 + (eos? 35° + 12.7 sin?3 
= 21,750 lb per in. 
60 [21,750 
Natural frequency = — —— X 386 = 876 cycles per min 


2x 996 


Distance of elastic center from plane of mounts 


1 12.2 sin 70° 
= 11.5 im. 
2 2 
sin? 35° 
12.7 — 
Distance of elastic center en of center of gravity = 11.5 
— 10.75 = 0.75 in. 


INSTRUMENTATION FOR FLIGHT TEsTS 


The Air Technical Service Command has standardized on the 
use of Sperry-M.1.T. instrumentation for flight measurements of 
engine vibration and associated vibration of the aircraft strue- 
ture. This equipment comprises velocity-type vibration pickups 
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which are fed into integrating amplifiers. The amplifier outputs 
actuate a four-element recording oscillograph, the traces of which 
indicate amplitudes which are proportional to vibratory displace- 
ment through a useful frequency range of 7 to 1500 cycles per sec. 

The bridge network shown in Fig. 7 was used on the amplifier 
outputs so as to produce simultaneous traces on the four strings 
of the oscillograph which would correspond to addition, subtrac- 
tion, and individual voltage outputs of a given pickup pair. The 
addition and subtraction traces indicated the translational and 
rotation components of power-plant vibratory motion. 

Six pickups were suitably located to measure vibratory motion 
of the power plant in translation along and rotation about its 
three principal central axes as shown in Fig. 8. The pickup pair 
which measured power-plant vertical and pitching motion could 
not be located symmetrically with respect to the center of gravity. 
Hence a correction factor was applied to the vertical motion at 
the power-plant center of gravity. The pickup pair which 


GALVANOMETER ELEMENTS. 
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Fic. 7 Bripce NETworK FOR OBTAINING SIMULTANEOUS INDICA- 
TION OF ADDITION, SUBTRACTION, AND INDIVIDUAL VOLTAGE OUTPUTS 
or Parrep Pickups 


(Sample oscillogram first-order translational vibratory motion.) 


Move Rout Pircw Yaw TwrusTwise| LATERAL | VERTICAL 
agouT X-X | ABour Y-Y | ABOuT Z-Z] ALONG X-X JALONG Y-Y | ALONG Z-Z 
| |- 2 | 5-6 | 3-4 | 3+4] 


Fic.8 Pickup Locations AND MopEs or PowER-PLANT VIBRATION 
MEASURED 
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Fic. 9 VisraTtTion Pickup INSTALLATION IN FRONT CocKPIT OF 
AT-6C AIRPLANE 


measured lateral and rolling vibration was loeated in a plane 8 in. 
ahead of the center of gravity so that the lateral motion indicated 
contained components due to yawing vibration of the power plant 
about its center of gravity. A pickup was located in each cockpit 
to measure lateral vibration of the fuselage structure, Fig. 9. 
Selection of pickups was accomplished by means of a hand-oper- 
ated rotary switch which fed the outputs of two pickups at a time 
into the amplifiers. Pickups were calibrated before and after 
tests by means of a mechanically driven calibrator which produces 
sinusoidal vibratory motion at a predetermined amplitude. 

In order to correlate the vibration frequencies with engine 
speeds, a pickup coil was installed on one of the spark-plug 
cables. The voltage induced in this coil was fed into the second 
stage of one of the amplifiers. This produced a mark super- 
imposed on the vibration traces each instant the corresponding 
cylinder fired. 

The amplifying and recording equipment was located in the 
rear cockpit where it could be controlled by the operator, Fig. 10. 
The amplifiers and oscillograph were powered by the 12-v elec- 
trical system of the airplane. The voltage input to the equip- 
ment was maintained at 12 v by means of a rheostat in series. 

“Scratch plates” were installed on the three unused crankcase 
mounting bosses in the experimental engine-mount installation 
for the purpose of measuring over-all deflections of the mounted 
power plant. Stylii were held against the plates by means of 
springs in such a way that relative motion between the engine 
mount and crankcase resulted in scratches on the plates. 

Test Procedure. The following tests were conducted in con- 
secutive order: 

1 Vibration records for the standard AT-6C engine-mount 
installation were taken in level flight at 8000 ft altitude through- 
out the operating range of engine speeds. Upon completion of 
this test, the standard engine mount was removed from the air- 
plane and the experimental mount installed. 

2 The test just outlined was repeated with the experimental 
engine-mount installation. 

3 Vibration records for the experimental engine-mount in- 
stallation were taken at various engine speeds while the airplane 
was in a 20-deg bank both to the right and to the left. 

4 A series of ground tests were conducted for the purpose of 
checking the natural modes and frequencies of the power plant 
elastically suspended on the experimental mount. The natural 
mode in roll about the crankshaft axis was excited by running the 
engine on one magneto with one spark plug disconnected. This 
caused an excitation about the crankshaft axis at a frequency 
corresponding to one-half engine speed. The engine speed was 
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Fig. 10 INSTALLATION OF VIBRATION-RECORDING EQUIPMENT IN 
AT-6C AIRPLANE 


increased to 2200 rpm on both magnetos, at which speed the 
engine was switched over to the magneto having one spark plug 
disconnected. A vibration record of the rolling mode was then 
taken as the engine was throttled back to idling speed in a 
period of approximately 25 seconds. The spark plug was re- 
connected and sufficient masking tape was applied to a propeller 
blade to cause an unbalance of approximately 1.05 in-lb rotating 
at crankshaft speed. The engine speed was again raised to 2200 
rpm and lowered to idling speed while vibration records of the 
pitching, vertical, yawing, and lateral modes were being taken. 

5 A series of tests were conducted to determine the maximum 


movement of the engine relative to the supporting structure under 
various conditions by means of stylii bearing on scratch plates. 
The first condition investigated was that of cold idling of the 
engine. _Stylii were allowed to bear on the scratch plates for 
approximately 1 min-while the engine was idling in a cold condi- 
tion. For the second condition, the stylii were allowed to bear on 
the plates while the engine was started, held at idling speed for a 
short time, and then shut down. The third condition consisted of 
an entire flight including starting, ‘‘warming up” the engine, 
taking off, climbing to an altitude of 8500 ft, making 4!/, turns of 
a right-hand spin, landing, and shutting off the engine. The 
stylii were allowed to bear against the plates for the entire flight. 

‘6 In order to determine the durability of the experimental 
mount in service, the airplane was assigned to Headquarters, Air 
Technical Service Command, for postadministrative and flying 
duties. 


ANALYSIS OF VIBRATION RECORDS 


Vibration records were prepared for harmonic analysis by en- 
larging to a 40-cm base line a section of each vibration trace in- 
cluded between two spark indications which mark an interval 
corresponding to four engine revolutions. The enlarged vibra- 
tion traces were then analyzed for the five largest harmonics by 
means of a Coradi-type five-element rolling-sphere harmonic 
analyzer, Fig. 11. 

The principle underlying the operation of the Coradi-type 
harmonic analyzer can be understood by considering the mathe- 
matical properties of the Fourier series (3). It can be shown that 
any periodic curve f(t) can be expressed as a Fourier series, that is 


S(t) = ao + ay sin wt + az sin Qwt + .... +4, sin not .... 
+ b, cos wt + by cos 2wt + .... +5, cos nut .... 


where the function repeats itself in a period T = —. The fre- 


quency of the fundamental or first harmonic is represented by w 
and the frequency of the nth harmonic by nw. It can be shown, 
furthermore, that the amplitudes may be expressed as 


S(t) sin nwtdt 
0 


* 


Fig. 11 Arr Tecunicat Service CoMMAND Five-ELEMENT RoLuNG SPHERE HARMONIC ANALYZER 


q 
= 
> 


2n 


b, = f(t) cos nwtdt 
0 


These definite integrals can be evaluated for a particular har- 
monic by determining the area included between the harmonic 
curve and the neutral axis. The Coradi-type harmonic analyzer 
measures these areas by applying the principles utilized in the 
ordinary planimeter. Each integrator head is geared to revolve 

. about a vertical axis n times as the curve follower moves on a lead 
screw across a span of 40 em which represents the period of the 


first harmonic —. On each integrator head are two planimeter 


wheels in vertical planes at right angles to each other, Fig. 12. 


S=Sine dial reading = fit)sin nut dt 
=* fa, sin*(nust) d(nwt)=na, 
% a, C-Cosine dial reading F(t)cos nut dt <0 


C=0 
| 


Fic. 12 ILLUSTRATION OF THE Way IN WHICH THE CorRApDI-TYPE 
Harmonic ANALYZER OPERATES UPON THE PeEatopic CurvE f(t) = 
dn Sin Nwt 
(The sphere makes one complete revolution about a vertical axis in the 
period included between 0 and <™ At the end of the revolution, the sine 


dial registers an and the cosine dial registers 0, hence the amplitude An 
= Vant + bn? = an. Inn periods the sine dial will read nan.) 


The planimeter wheels bear against a ground-glass sphere. The 
sphere in turn rides on a wheel which revolves in accordance with 
back-and-forth motion of the entire machine. The machine is 
constrained to back-and-forth motion only, and this motion is 
controlled by the operator in keeping the curve follower on the 
vibration trace as the lead screw advances the follower across the 
carriage. The speed of the lead screw can be controlled by a foot 
pedal which varies the speed of the driving motor. The plani- 
meter wheels are calibrated to read Za, and Zb,. In order to 
determine a, and b,, the planimeter readings must be divided by 
the harmonic being extracted, that is 


2d and b, =— 
n 


a= — 
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TABLE 2 FIRST-ORDER POWER-PLANT VIBRATION FOR STANDARD AND EXPERIMENTAL MOUNTINGS 


Nominal -—-Roll about— -—Pitch about— -—-Yaw about— -Thrustwise along— —Lateral along—~ -—Vertical along—~ 
engine speed -X - Z-Z X-X Y- Z-Z 
settings, rpm Std Exp Std Exp Std Exp Std Exp Std Exp Std 


2100 0110 0090 0.0135 0.0035 0.0235 0.0155 0.0010 0.0010 0.0040 0.0030 0.0005 0. 
2200 0.0115 0090 0.0165 .0080 0.0175 0.0180 0.0005 0.0005 0.0050 0.0035 0.0010 0. 
2250 0.0145 0100 0.0155 0.0080 0.0110 0.0105 sone 0.0010 0.0040 0.0030 0.0015 0.0010 

Note: Double amplitudes in degrees for rotation, in inches for translation, 
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The resultant amplitude is 


A, Va,? + 


and the phase angle may be found as 


b, 
tan ¢, = — 
a, 


The property of the analyzer which enables it to exclude all har- 
monics other than the nth harmonic being extracted can be 
understood by considering a harmonic amplitude hp having a 
frequency mw. Then 


S(t) = ho sin (mat + ¢) 


w 
= - ho sin (mat + sin nwtdt 
x Jo 


sin (mwt + o) = 


and 


but 


sin mwt cos @ + cos mal sin @ 


2r 


whe cos @ 
f sin mot sin nwtdt 
0 
who sin @ 
f 
0 


Similarly b, = 0, showing that the planimeter dials produce a 
zero reading over the complete cycle except for the nth harmonic. 


a, = 


to 


cos mwt sin nwtdt = 0 


Discussion oF Test RESULTS 


The test results presented in Table 2 indicate that the experi- 
mental engine mount was very effective in attenuating that 
vibratory response of the power plant due to first-order forcing 
functions. These forcing functions, which correspond to the 
rotational speed of the engine crankshaft, arise from the inherent 
inertia forces of the articulated connecting-rod system, gas- 
pressure forces in the cylinders, and static, dynamic, and aecro- 
dynamic unbalances in the directly driven propeller. 

On the other hand, the natural frequencies of the power plant 
on the standard mount were in a range where they could be 
excited by the first-order forcing functions, that is, the inertia 
and gas-pressure forces which produce alternating first-order 
couples about the crankshaft axis, induced resonance of the 
power plant on the standard mount at 1440 rpm. Inertia forces 
and propeller unbalances excited angular and translational modes 
about and along the vertical and lateral axes of the power plant. 
Resonances occurred in pitch about the lateral axis at 1460 and 
2020 engine rpm. These peaks were reflected slightly in the 
measured vertical vibration’and thus indicate appreciable cou- 
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pling between the two modes. A resonance also occurred in yaw 
about the vertical axis at 1540 engine rpm which exhibited slight 
coupling with thrustwise vibration. A first-order lateral reso- 
nance of the power plant was measured at 1320 engine rpm. 

The experimental mount eliminated all first-order resonances 
experienced with the standard mount. Reductions of power- 
plant response were attained amounting to as much as 76 per cent 
in roll about the crankshaft axis; 58 per cent in pitch about the 
lateral axis; and 84 per cent in yaw about the vertical axis. 
First-order lateral motion in the front cockpit also was reduced 40 
to 75 per cent throughout the operating range of engine speeds. 
Lateral motion in the rear cockpit was not reduced but was very 
small for both engine-mount installations (0.0025 in. or less). 

Since the natural frequencies of the power plant on the standard 
mount were well above the range where they can be excited by one- 
half order forcing functions (arising from irregularities in ignition 
and air-fuel induction) the corresponding power-plant responses 
indicated were largely due to excitation of a combined bending- 
torsion mode of the fuselage. This was confirmed by a lateral 
response in the rear cockpit which corresponded to the power- 
plant yawing response about the vertical axis at 2040 rpm (1020 
cycles per min). A variation of this mode apparently was re- 
sponsible for the magnified vertical power-plant response, coupled 
with roll about the crankshaft axis at 1780 to 1830 rpm (890 to 
915 cycles per min). 

The experimental mount did not alter appreciably the magni- 
tude of one-half order power-plant response. Lateral response 
of the rear cockpit followed very closely that measured for the 
standard mount. 

First-order crankshaft unbalance forces are largely compen- 
sated by the counterweight in a radial engine but this compensa- 
tion introduces transverse second-order forces of appreciable 
magnitude because the center of mass of the rotating and articu- 
lating system travels in an oval rather than in a circular path, as 
does the center of mass of the counterweight. The frequency of 
the second-order forces is above the natural frequencies of the 
mounted power plant by a sufficient amount to result in approxi- 
mately the same power-plant and cockpit response for either the 
standard or the experimental mount. Since the second-order un- 
balance forces act in the transverse plane, a comparatively low 
magnitude of vibration was measured in all modes of power-plant 
motion other than lateral or vertical. The second-order response 
of the cockpits probably was largely due to propeller-blade-pas- 
sage impulses in the slip stream which impinged upon the canopy. 

Because the moment of inertia of the power plant about a given 
transverse axis varies from a maximum to a minimum twice dur- 
ing each revolution of a two-blade propeller, second-order gyro- 
scopic couples result during a bank and turn due to rotation of 
the airplane about its vertical axis. In order to check this effect 
for the experimental engine-mount installation, vibration records 
were taken at various engine speeds during a 20-deg bank and 
turn both to the right and to the left. Examination of the records 
revealed no important increase of second-order response of the 
power plant or the cockpit structure. 

Two 3!/,-order peak responses were indicated in the angular 
modes about the vertical and lateral axes at 1430 rpm (5000 cycles 
per min) and 1830 rpm (6410 cycles per min) which were the result 
of so called “conical whirls.’”’ In this particular case the whirls 
were largely independent of the dynamics of both engine mounts 
because they were generated by 4!/2-order (frequency of cylinder 
firing) torsional vibration of the crankshaft combined with crank- 
shaft bending. This mode of crankshaft vibration energized a 
propeller-bending mode which was symmetrical in the plane of 
rotation but asymmetrical perpendicular to the plane of rota- 
tion, that is, the propeller tips were moving out of phase in a 
thrustwise direction but in phase in the transverse plane. In 


such a condition, transverse reactions are imposed upon the thrust 
bearing due to the symmetrical vibration of the propeller blades 
in the plane of rotation, and moments about transverse axes are 
imposed upon the propeller shaft due to asymmetrical propeller- 
blade vibration perpendicular to the plane of rotation. These 
forces and moments cause a conical whirl of the engine at a fre- 


quency of (» — ), where n is the harmonic order of propeller 


vibration, N is the engine speed, and P is the propeller speed (4). 

In the case under consideration, the whirling frequency was 
3'/2-order (4!/2-—1) although 4!/.-order vibration of the power 
plant was negligible. This mode was also apparent in the indica- 
tion of the lateral pickups which were located in a plane ahead of 
the power-plant center of gravity so that they responded to a 
yawing component of motion. Since there was no 3!/,-order 
response vertically, it is apparent that the power plant underwent 
a conical whirl with a node in the vicinity of the power-plant cen- 
ter of gravity. 

The engine run-down tests with one cylinder not firing, as con- 
ducted on the experimental engine mount, indicated that the 
power-plant natural frequency in roll about the crankshaft axis 
was 680 cycles per min (645 cycles per min calculated). The 
natural frequencies excited by unbalancing the propeller 1.05 in. 
Ib were 850 cycles per min for the vertical-pitching mode and 865 
cycles per min for the lateral-yawing mode. The calculated 
natural frequency for the vertical and lateral modes was 875 
cycles per min and for the pitching and yawing modes, 547 cycles 
per min. The engine could not be run slow enough to produce a 
satisfactory excitation of the pitching-yawing natural modes, 
however. The foregoing natural frequencies are sufficiently low 
to provide adequate vibration isolation for the important forcing 
functions. Resonance with one-half order couples about the 
crankshaft axis is possible at 1360 rpm (680 cycles per min), but 
under the conditions of the flight tests, the response indicated 
was small. 

The results of seratch-plate records indicating relative motion 
between the crankcase and mounting ring for the experimental 
mount are given in Table 3. The mounting elements are manu- 


TABLE 3_ SCRATCH-PLATE RECORDS OF RELATIVE MOTION 
BETWEEN CRANKCASE AND MOUNTING RING 


——Indicated——— 
deflection, in. 
Condition Right Left Top Remarks 
Engineidling priorto warm-_ — Deflection on clockwise 


up side of neutral position 
‘ due to torque reaction 


Engine started, idled at °/« 
550 rpm, shut off 


Engine started, airplane 5/32 5/32 5/s2 Deflection due to torque 
taken off and climbed to reaction at take-off 
8500 ft, 41/2 turns of a power 
spin made, airplane 
landed and engine shut ‘'!/16 Diameter of circular trace 
off resulting from spin 


factured 0.140 in. eccentric in order to offset engine torque. The 
scratch-plate records show a deflection of 0.156 in. at take-off 
power. This means that full engine torque deflects the mounting 
elements 0.016 in. beyond the concentric configuration which is 
not considered to be excessive. No metal-to-metal contact in 
the mounts is likely to occur. 


CONCLUSION 


The principles embodied in the design of the experimental 
engine mount herein described are applicable for the control of 
vibration in many types of aircraft where lightweight and sim- 
plicity of design are important factors. Vibration control need 
be limited no longer to the larger aircraft-engine installations. 
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On the contrary, development of this type of engine mount sug- 
gests new opportunities for attaining greater flying comfort and 
added serviceability in light airplanes without attendant design 
penalties. It will be an increased pleasure to fly in the light 
airplanes of tomorrow! 
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Gasoline Explosion Pressures 


By M.S. PLESSET! ann F. R. GILMORE,? SANTA MONICA, CALIF. 


A numerical method is outlined which permits the cal- 
culation of the temperatures and pressures obtained when 
mixtures of air and aviation-gasoline vapor are exploded 
in a closed chamber. The calculations use basic thermo- 
dynamic data to determine the final equilibrium state of 
the air and gasoline mixtures after combustion. Similar 
calculations have been carried out previously by other 
investigators, but only for a limited range of mixture 
ratios. Experimental measurements of the explosion 
pressures were made using an explosion bomb with a 
strain-gage pressure pickup. The measured pressures 
were of the same order of magnitude as the calculated 
pressures, but in general were somewhat above the theo- 
retical values. Some possible explanations for this trend 
are discussed in the text. 


INTRODUCTION 


HE investigation covered by this paper was initiated so 

that some conception could be formed of the tempera- 

tures and pressures developed in aviation combustion 
heaters under the assumption that an explosion takes place. 
No general solution of the problem applicable to all mixture 
ratios was found so that an analysis based on fundamental 
physico-chemical principles was necessary. 

An estimate was also desired of the ignition limits of gasoline- 
air mixtures at various temperatures and pressures. These limits 
have an important bearing on the problem of combustion-heater 
ignition. 

THEORETICAL CONSIDERATIONS 


The pressures which are produced when a mixture of air and 
fuel vapor explodes in a closed chamber can be calculated from 
basic chemical principles, provided the assumption is made 
that all chemical reactions reach equilibrium at the high explo- 
sion temperature, and provided that sufficient thermodynamic 
data on the reaction products are available. 

If aviation gasoline is assumed to have the average molecular 
composition, CsH;s, the combustion of 1 mole of a gasoline-air 
mixture can be represented by the following total reaction: 


X CsHy. + 0.2095 (1 — X) O, + 0.7809 (1 — X) Nz + 0.0093 
(1— X) A + 0.0003 (1 — X) CO, ~a CO, + b6CO + c¢cH,0 + 
dH, +eO,. +fN.+gNO+hANO, +iCH, +7 OH +k 
H+m0+n0;+qC (graphite) +r Cs: (gas) + s C(gas) +¢NHs3 
+ 0.0093 (1 — X) A 
In this X is the mole fraction of gasoline vapor present before 


the explosion. The composition of dry air, according to Hum- 
phreys (1) is used. Although argon does not take part in the 


1 Analytical Group Engineer, Douglas Research Laboratories, 
Douglas Aircraft Company. 

? Analytical Group, Douglas Research Laboratories, Douglas Air- 
craft Company. 

+ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Aviation Division and presented at the Avia- 
tion War Conference, Los Angeles, Calif., June 11-14, 1945, of Tur 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


chemical reaction, it has been included in the equation because 
its thermal capacity enters into the heat-balance equation. The 
seventeen letters a to ¢ represent unknown coefficients which 
are to be determined. Some possible products of the reaction, 
such as CH and CHz, have been omitted because thermodynamic 
data on these compounds are not available; it is believed that 
this omission should not appreciably affect the results. Other 
possible products, such as C.H¢, C,Nz, etc., can be shown to be 
entirely negligible. ‘ 

The requirement that the foregoing reaction equation be bal- 
anced yields four equations for the unknown coefficients 


a+b+i+q+2r+s = 8X + 0.0003 (1— X)....[1] 
3t = 16X.......... [2] 
+m + 3n = 0.4196 (1— X).. [3] 
2+gth+t = 1.5618(1—X).......... [4] 


The remaining thirteen equations necessary for the evalua- 
tion of the seventeen constants are derived from a consideration 
of the various reactions which are assumed to be in equilibrium 
at the explosion temperature; for example, the carbon monoxide 
can react with the oxygen to form carbon dioxide 


CO + '/,0; = CO, 


For this reaction, there is a certain equilibrium constant 


peoV 


Pco2 


Ki = 


where pco, Po2, and pcos are the partial pressures of the carbon 
monoxide, oxygen, and carbon dioxide, respectively. If the 
explosion has taken place at constant volume, then b moles of 
carbon monoxide, e moles of oxygen, and a moles of carbon di- 
oxide are occupying the same volume at the explosion tempera- 
ture T,,, that one mole of the mixed gases occupied at the initial 
temperature 7’) and pressure Po. From the perfect-gas law, it 
follows that 


P 
poo: = T, 
The expression for the equilibrium constant then becomes 


PcoV por 
K, = —— = -ale| — Po 
pcos a To 


In a similar manner, twelve other equations can be derived 
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V pos? 

K [14] 


V pez (gas) = (q > 0) ..[15] 
0 


Ky = 
PT 
Pcws iLTo 
Ky = PC (eas) = 8 Ps (q > 0) 


The values of these equilibrium constants at various tem- 
peratures are given in Appendix 1 (Table 3). A sufficient num- 
ber of algebraic relations have now been obtained to permit the 
calculation of the amount of each gas present after combustion, 
provided the temperature can be determined. 

The explosion temperature T’,, is calculated by equating the 
energy of combustion of the fuel at constant volume to the en- 
ergy required to heat the products of combustion to the tem- 
perature 7',, plus the energy required to cause the dissociation 
which occurs at this temperature. The energy of complete com- 
bustion of 100-octane gasoline vapor can be taken to be 18,700 
Btu per lb (for the liquid) plus 140 Btu per lb (energy of vapor- 
ization; see Appendix 1). The internal energies of various 
gases at different temperatures, using as base values (zero in- 
ternal energy) the energy of CO, H.O, Oz, and No, and A, are 
given in Table 2. 

The solution of these relations to obtain the explosion tem- 
perature and pressure involves successive approximation. Fora 
particular mole-fraction of fuel vapor X, and particular initial 
temperature and pressure 7’) and Po, a value for the explosion 
temperature 7’,, is guessed, and the values for the equilibrium 
constants, K;,...., Kis, at the temperature 7’,, are interpolated 
from the table in Appendix 1. The values for 7», T’,,, Po, Ki, 
. . ., Kis can now be substituted in the equilibrium equations. 
These equations are then solved for the unknown coefficients, a, 
..., t, by the method of successive approximation. Thus, the 
chemical composition of the mixture after combustion has been 
calculated. The energy balance is then checked by comparing 
the energy evolved in the complete combustion of the fuel 
with the energy change associated with the heating of the reaction 
products from 7’) to T,,, accompanied by the change in chemical 
composition from CO., H:O, Ne, and O, to the composition just 
calculated. If the energy does not balance, a new value of 7’, 
must be estimated and the whole process repeated. 

After the temperature and composition of the mixture after 
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explosion are found in this manner, the explosion pressure is 
readily calculated from the formula 


where N,, is the number of final moles of gas per unit initial 
mole and is therefore equal toa +b+e+...+4. 

An example of the calculation of explosion temperatures and 
pressures by this method is given in Appendix 2. 

For five particular mixture ratios, corresponding to five values 
of X, thermodynamic charts were available which greatly sim- 
plified the problem of calculating the explosion temperatures and 
pressures. These charts are not reproduced here because they 
are as yet restricted in distribution. 


APPARATUS AND TESTS 


In order to check the calculations of explosion pressures experi- 
mentally, a spherical explosion bomb was constructed by modify- 
ing a 9-in. aluminum pressure accumulator. A pair of strain 
gages was cemented to the outside surface of the bomb. The 
pressure pickup system is shown in Fig. 1, and a block diagram 
of the electrical circuit is given in Fig. 2. 
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ae NE 2 = The two strain gages used to measure the pressure were made 
= in opposite legs of a balanced Wheatstone bridge. Pressure inside 
} | x= CALCULATED FROM | the bomb caused the surface of the bomb, and hence the gages, 
CHART | to be strained, which increased the resistance of the gages and 
|_| | . s preduced a voltage difference across the vertical plates of an os- 
| | cilloscope. A single-sweep voltage pulse was simultaneously 
applied to the horizontal plates. 
a | L a In the tests, the bomb was charged by injecting measured 
T amounts of 100-octane gasoline into it. The bomb was agitated 
/40} manually, then allowed to stand for 15 or 20 min to permit com- 
|| ir / am | plete vaporization. The pressure of the gasoline-air mixture 
/ e immediately before the explosion was therefore 1 atm plus the 
partial pressure of the gasoline vapor. The mixture was ex- 
| § | ploded by a spark, and the pressure rise was shown visually by 
|. the oscilloscope. The oscilloscope trace was simultaneously 
100} photographed. To determine the actual explosion pressure, the 
5 | || oscilloscope trace deflection shown on the photographic film was 
fe) measured and compared with the deflections produced by charg- 
ing the bomb with compressed air under known pressures. 
“ 
Resutts OBTAINED 
ad aE Theoretical. The temperatures and pressures that should re- 
| | ri | sult when various mixtures of air and 100-octane gasoline are ex- 
| ploded in a closed chamber, at various initial temperaturesand 
| | 1 1 pressures, have been calculated by the method described in the 
_ seetion discussing theory. Sample calculations are given in 
w\ hi Appendix 2. The results are presented graphically in Figs. 3 and 
20 -——+ + + + + + t + + + + + +—+ 4 4. 
i es a Diet | | | | The results have been related to the conventional mixture 
ratio Mp, which is defined as the ratio of the weight of air to the 
weight of gasoline vapor. It should be noted that 
Fic. THeoreticat Explosion Pressures 
uv Vol per cent of air 28.98 
per cent of gasoline vapor 112.2 
wane = 0.2583 (1 — X)/X 
Experimental. The results of the explosion pres- 
ar sure measurements made with the spherical bomb 
om “en | are given in Table 1. These results are also com- 
Gy’) om | pared graphically with the theoretical curve in 
“i 
\ Discussion OF RESULTS 
id / SN Theoretical. It can be seen from Figs. 3 and 4, 
2 ed ~SN that very good agreement is obtained between the 
Mi) SN algebraic method of calculation developed in this 
- 1 Sy paper and the method based on thermodynamic 
charts. 
we h SY Except for very rich mixtures, these theoretical 
© 3000 f % calculations should be quite accurate. The gaso- 
- f line has been rather arbitrarily assigned the aver- 
¥ 2800 : age composition CsH,., which is equivalent to speci- 
= ; | fying a hydrogen-carbon ratio of 2, and an aver- 
age molecular weight of 112. The hydrogen-car- 
Q bon ratios for aviation gasolines are known to be 
@ Me very close to 2; moreover, a considerable variation 
— =68F, P=1470 PSIA of the ratio affects the caleulated pressures only 
i ----- T=-13¥, P=14.70 PSIA slightly (for example, use of the charts of reference 
2000 T, = -67°F, P#14.70 PSIA (2) calculated for a hydrogen-carbon ratio of 2.25, 
—-— T,=-13°F, P=675 PSIA gives for Mp = 14.76 a pressure 0.7 per cent 
/800 ---- T,=-67°F, P=272 PSIA lower). The molecular weight enters into the prob- 
lem only in the determination of the amount of air 


MIXTURE RATIO, LBS. » AIR PER LB oy FUEL 


Fig. 4 THeoreticat ExpLoston TEMPERATURES 


in the estimated molecular weight would change 
the final results by only 0.5 per cent for X 
= 0.05. 
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TABLE 1 EXPERIMENTAL MEASUREMENTS OF EXPLOSION 


PRESSURES 
Time Allowed T Time, Spark =F (eale.) 
for Vaporia. — to Max. Press. 
min. F sec 


. 
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& 


883 KEREE 


skk $38 


C900 


Vw wre 


SB GES 
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* Tabulated times may all be short by about the same amount. 
** Initial pressure equals one atmosphere plus the partial pressure of the 
gasoline vapor. ‘ 
+ Numbers indicate first five e 
of pressure readings as inside of bom 
explosion products. 


losions in the bomb, showing decrease 
becomes coated with carbon and other 


The error due to inaccuracies in the values for the internal 
energy of the gases (Appendix 1) should be less than 0.5 per cent. 
Inaccuracies in the values of the equilibrium constants would 
probably affect the results by less than 1 per cent. The possible 
errors caused by nonequilibrium conditions, radiation losses, 
and other minor effects* are presumably small, since calculations 
by Lewis and von Elbe® for explosion pressures of lighter gases 
(Hz, CO, C,H.) agree with the experimentally measured pres- 
sures within 3 per cent. (These lighter gases contain the same 
elements as gasoline, and the composition of the hot burned mix- 
ture depends only on the elements present and the temperature, 
not on the original compounds present.) 

When very rich mixtures are exploded, radicals such as CH and 
CH, can be expected to take part in the reaction. No thermo- 
dynamic data on such radicals are available, so their presence 
has been perforce neglected in the calculations for this paper. 
The error thus introduced is probably not large, since the calcula- 
tions show that the related molecule CH, is present only in a 
minor amount. However, at the lower explosion temperatures 
which occur with rich mixtures, the assumption that all chemical 
reactions reach equilibrium may be in appreciable error. More- 
over, the presence of finely divided free carbon may greatly in- 
crease the radiation losses. For these reasons, that part of the 
theoretical curves to the left of Mp = 8 should be considered as 
approximate only. 

Experimental. A graphical comparison of the explosion-pres- 
sure calculations with the experimental measurements is pre- 
sented in Fig. 5. As was explained in the “Apparatus and Tests” 


4 Such as the nonuniform final temperature distribution (reference 
(3), pp. 167, 175-176, 293-299), and the “‘excitation lag’’ due to the 
greater rapidity with which energy flows into the tianslational and 
rotational rather than the vibrational degrees of freedom (reference 
(3), p. 306). 

5 Reference (3). pp. 301-308. 
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Fig. 5 Comparison or THEORETICAL AND EXPERIMENTAL EXPLo- 
SION PRESSURES 


section, the initial pressures for the bomb explosions were slightly 
higher than 1 atm, and the initial temperature assumed in the 
calculation of the theoretical curve was 68 F. 

The experimental points fall generally above the theoretical 
curve and also show much scatter among themselves. A num- 
ber of factors probably contribute to these discrepancies. Per- 
haps the most important factor is the incomplete vaporization 
and mixing of the fuel. The theoretical calculations assume 
that the gasoline is completely vaporized and the vapor uni- 
formly mixed with the air. Under the conditions of the tests, 
it is very possible that the heavier fractions of the gasoline re- 
mained unvaporized. Since the lighter hydrocarbons in the 
gasoline have hi her heats of combustion, the actual explosion 
pressures would be above the calculated values. This agrees 
with the experimental measurements. Furthermore, for mix- 
tures richer than the maximum-pressure mixture, the experi- 
mentally measured pressures would appear to be too high be- 
cause the mixtures are actually leaner than would be supposed 
from the amount of gasoline injected. The large variations in 
pressures for repeated explosions of mixtures having supposedly 
the same mixture ratio can be attributed to variations in‘ the 
degree of vaporization of the fuel and in the homogeneity of the 
explosive mixture. 

A possible cause of error in the strain-gage pressure measure- 
ments is the therma! strain produced by the contact of the hot 
gases with the inner surface of the bomb wall. If the wall were 
uniformly heated, the temperature of the gages would rise 
simultaneously, and the error introduced would be small, since 
the gages are practically temperature-compensated for aluminum. 
However, only the inside surface of the bomb is heated by the 
gases. If the temperature at the outer surface remains con- 
stant, while the temperature increases toward the inner surface 
such that the average temperature increase throughout the shell 
is 1 C, it can be shown that the tiermal strain causes a rise in the 
apparent pressure reading of about 85 psi, while the heat loss 
from the gas mixture reduces the actual pressure about 30 psi, 
leaving a net apparent increase in pressure of 55 psi. It is dif- 
ficult to determine how high a temperature rise in the shell of the 
bomb should be expected during the short time between sparking 
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and attainment of maximum pressure, but a 1-deg C average rise 
It might be expected that the layer 
of carbon and other materials deposited on the inner surface of 


might not be unreasonable. 


the bomb after several charges have been exploded would reduce 
the amount of heat conducted to the walls and therefore reduce 
the apparent pressure readings. The experimental data, which 
designate the first five charges fired, appear to confirm this hy- 
pothesis (see Table 1). 

An estimate has been made of the gasoline temperature as a 
function of air pressure which gives the lean-explosive-limit 
mixture with gasoline vapor saturation. This estimate is shown 
in Fig. 6, where air pressure has been converted into altitude by 
the standard atmospheric table. The vapor pressure 
as a function of temperature was taken from work of the Co- 
operative Fuel Research Committee.® 
sive limit is not exceeded, the region above this curve is the region 
of true ignitibility, assuming that the lean-limit-mixture ratio is a 
constant independent of temperature and pressure. The latter 
assumption implies that the kinetics of the chain reactions in- 
volved in ignition do not change appreciably within the tem- 
perature and pressure range. Such an assumption can only rep- 
resent an approximation and most likely is optimistic in that the 
air-gasoline lean-limit mixture will tend to deer 
perature, 


rasoline 


As long as the rich explo- 


‘ase with tem- 
The true ignition-limit curve would thus most likely 
be above the curve in Fig. 6. 
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CONCLUSIONS 


A method is developed which permits the calculation of the 
temperatures and pressures attained when mixtures of air and 
aviation-gasoline vapor are exploded in a closed chamber. Fora 
few mixture ratios, calculations may be made by the use of ther- 
modynamie charts. Calculations by the two methods show close 
agreement. The results for various initial temperatures and pres- 
sures are presented graphically. 

Experimental measurements of the explosion pressures were 
made using an explosion bomb with a strain-gage pressure pickup, 


® Reference (4), p. 44. 


The measured pressures were of the same order of magnitude 
as the calculated pressures, but in general were somewhat higher 
than the theoretical values. Possible explanations for this trend 
are incomplete vaporization of the fuel, incomplete attainment of 
chemical equilibrium at the explosion temperature, and errors in 
the pressure measurements caused by temperature gradients. 

An estimate of the lower ignition-temperature limit as a fune- 
tion of altitude, for standard atmospheric conditions, is also 
given. 


Appendix 1 


THERMODYNAMIC Data 


The internal energy of combustion (i.e., heat of combustion 
at constant volume) of gasoline vapor is equal to the energy of 
combustion of liquid gasoline plus the energy of vaporization of 
gasoline. A minimum net calorific value of 18,700 Btu per 
lb is specified? for 100-octane gasoline (liquid). No data have 
been found for the energy of vaporization of 100-octane gasoline, 
but Holeomb and Brown (5) give the heat of vaporization of nor- 
mal octane at room temperature as 140 Btu per lb. Since this 
figure does not affect the total greatly, the approximation that 
the energy of vaporization of aviation gasoline equals 140 Btu 
per lb will be used. The energy of combustion of the gasoline 
vapor is therefore 18,700 + 140 = 18,840 Btu per lb. If the 
gasoline has an average molecular weight of 112.21, this value is 
equivalent to 1,174,400 cal per g-mole. 

Values for the thirteen pertinent equilibrium constants at 
various temperatures are given in Table 2 and plotted in Fig 7. 
The values are taken from Lewis and von Elbe (3), except the 
values for log Ks, which are derived from an expression for the 
free energy of NH; given by Thacker, Folkins, and Miller (6). 

Table 3 shows the internal energy per gram-mole of the various 
gases present after combustion, as a function of temperature. 
For the gases usually present in large amounts, exact energy 
values at various temperatures, taken from (2), are given. For 
gases present only in small amounts, approximate equations for 
the energy as a function of the absolute temperature are given. 
These expressions have been derived’ from values of C,; and 
from valués of the energies of reaction. The quantities are ex- 
pressed in terms of gram-moles and degrees Kelvin (deg C + 
273.2) rather than in the usual engineering units. In all cases, 
the zero energy level is taken as the internal energy of CO2, H.O, 
O., No, and A at 300 K, but corrections are given for changing 
to a base level of 20 C (68 F), —25 C (—13 F), or —55 C (—67 F) 


Appendix 


EXAMPLE OF ALGEBRAIC CALCULATION OF EXPLOSION PRESSURES 


As an example of the method of calculating explosion pres- 
sures and temperatures as described in the section, ‘“Theoretical 
Considerations,” consider the problem with the particular initial 
conditions Py = 1 atm, JT) = 68 F (20 C), and X = 0.0300. 

Substitution of this value of X in Equations [1] to [4], inclu- 
sive, yields 


= 0.2403...........[19] 

Qc + 2d + 4i +k + 3t — 0.4800........... [20] 
+m + 3n = 0.4070..... [21] 
Ute we [22] 


7 Reference (4), p. 12. 
8 Reference (6), p. 586; and (7), p. 75. 
® Reference (3), pp. 378-385. 
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TABLE 2. COMMON LOGARITHMS OF THE EQUILIBRIUM CONSTANTS AT VARIOUS TEMPERATURES 
(Pressure units: atmospheres) 


log K, log Ky log K3 log K, log Ke log Kg log Ky log Kg log, Kg log-Kyq log Ky) log log 


44.72 -39.77 -15.04 -6.42 -43.3 -70.23 80.2 -28.29 -24 £935 
-32.43 -29.2% -11.13 =-3.9% -31.7 -51-35 -58.6 -22.15 -19.23 -5.580 
-2.07 -18.64 -7.19h -1.44 -20.0 32.41 -3.9 -15.98 -1,.41 -2.047 
-13.89 -13.28 -5.231 0.18 -14.07 -22.88 -26.1 -12.89 -11.98 -O0.180 
-10.20 -10.05 -4.052 40.57 +3.26 -10.53 -17.13 -19.48 “11.03 -10.52 +0 .985 
-7.755 -7.90 -3.267 +1.08 #3.72 -13.28 -15.10 -9.79 -9.530 #1.779 
-0.34 -2.706 41.43 +4,.08 -10.51 -11.97 8.89 -8 .817 2.354 
“4.715 =-5.20 -2.285 1.69 +4.36 -5.20 8.429 8.22 8.277 42.790 
-3.690 -4.27 -1.959 41.89 +4.56 -4.19 —6 -7.772 <-7.70 -7.850 3.129 
-2.862 <3.52 -1.695 42.07 +#4.72 -3.40 298-7 29 -7 504 +3. 397 
-2.193 -2.91 -1.479 42.18 +4 -2.74 “heheh -5.U9l -6.95 -7.221 +3.61lo 
-1.648 -2.41 42.29 44.93 -2.19 -3.529 -4,.078 -6.66 -0.980 +3.801 
-1.206 -2.00 -1.150 +2.39 +5.01 -1.74 -2.759 -3.228 6.42 -).777 +3.900 
.811 -1.63 -1.019 2.48 +¢5.07 -1.34 -2.115 =-2.495 -6.595 +4.098 
0.470 <-1.31 42.56 #5212 0.999 -1.548 -1.858 6.03 44.218 


* Interpolated values. 

Note: These equilibrium constants are defined in the Theory section. All pressures are in standard atmospheres. 

These values are derived from Ref. (2), Table 2, p. 382, except the values for log As, which are derived from the values of free energy for NH; given 
in Ref. (6), p. 587. 

Some of these values are plotted in Fig. 7, for convenience in interpolation. 


1600°K 1g00"% 2000% acon 2600% Ze00% 


Fie. 7 LoGariTHMs oF EQUILIBRIUM CONSTANTS AT VARIOUS TEMPERATURES 
(From Table 2.) 


The next step in the calculation is to guess a value for the ex- 
plosion temperature 7',,, which value will be checked at the con- 
clusion of the calculations. Suppose the value 7’,, = 2200 deg K 
is chosen. The values of the pertinent equilibrium constants 
Ki, Ke, .. ., Kis, are found in Table 2. When these values and 
the values of 75 and 7’,, are substituted in Equations [5] to [17], 
inclusive, the following equations result 


b 
= 2.34 x 10-3 


1 = 6.64 X 10-'.. 
c 


k2 
Ne = 449 1073 ™ 5.02 x 10-8 
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m? 
n 
1 
= 1.65 X 10-7, (¢ > 0)........... [32] 
Vr =2.9X 10-3, (¢ [33] 
d? 
s = 818 X 10-¢, (¢ >0)............ [35] 


It should be noted that the last four equalities hold only when 
q is greater than zero, that is, when solid carbon is present. 
Although, with this particular gasoline-air mixture, not enough 
oxygen is present for complete combustion of the fuel to CO, and 
H.O, more than sufficient oxygen is present to burn the fuel to 
CO and H,O. Therefore, it might be supposed that the carbon 
atoms in the mixture are so completely oxidized that the free 
carbon remaining is so small in amount as to be completely vapor- 
ized, or, in’ other words, g = 0. In working the problem, this 
assumption will be made and then checked before the calculation 
is completed. 

If g = 0, Equations [32] to [35], inclusive, must be replaced 
by the corresponding inequalities 


> 1.65 X 10-7b, (¢ = 0) ........... [36] 
Vr <2.9 X10-%, [37] 
i < d?/550, [38] 


s < 8.18 X 


These inequalities permit only upper limits to be set on the 
values of r, 7, and s. However, in many instances, these upper 
limits are sufficiently small to show that r, 7, and s are negligible. 
For mixture ratios which give moderately large upper limits, the 
exact values of r, 7, and s can be calculated by transforming Equa- 
tions [32], [33], [34], and [35] for equilibriums involving solid 
carbon into similar equations involving gaseous carbon, by the 
fundamental chemical principle that, in equilibriums involving a 
solid, the solid may be replaced by the corresponding vapor, at a 
pressure equal to the vapor pressure of the solid, without disturb- 
ing the equilibrium. 

If it is assumed that g = 0 and that r, 7, and s can be neglected, 
the problem is reduced to the solution of thirteen nonlinear 
simultaneous equations, Equations [19] through [31], in thirteen 
unknowns. These simultaneous equations cannot be solved 
explicitly, so the method of successive approximation must be 
used. Perhaps the simplest way to begin is to guess a value of a 
and follow through the evaluation of the other unknowns until 
all the equations check. Suppose the value a = 0.0416 is tried. 
Since 7, g, r, and s are assumed negligible, Equation [19], be- 
comes 


a+ b = 0.2403 
b = 0.2403 — a = 0.1987............. ]40] 


From Equation [23] 
e = (2.34 X 107% a/b)? 
[41] 
From Equation [24] 
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dVe 


4.49 X 10-8 


ll 
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From Equation [28] 


j = 6.64 X 10-* 
Vd 
= 7.25 X [43] 
From Equation [29] 
k= 2.24 X 10-°-V/ [44] 
From Equation [27] 
t = 1.085 X [45] 


If the assumption is made that g, h, and ¢ are fairly small, it fol- 
lows from Equation [22] that f = 0.757. Therefore, from Equa- 
tion [45] 


t= 9.44 X [46] 


If the values of c, j, k and t from Equations [42], [43], [44], 
and [46] are substituted in Equation [20] that equation becomes 


4.184d + 2.97 X + 2.83 x 10-4 Vd? = 0.4800 
whence 
It follows, from Equations [42], [43], and [44], that — 
c = 0.1249 


j = 2.45 10-4 
k = 7.58 X 10-4 


Equation [25] can be rewritten 


g = 0.0322 V/ fe 
= 1.63 X [48] 
If Equation [25] is divided by Equation [26], the result is 
h 
evs 
h = 5.98 X 10-*e Vf 
= 1.44 X [49] 


The value of d from Equation [47] can be substituted in Equa- 
tion [45] to give 


= 5.98 X 


An equation for f results when the values for g, h, and ¢ from 
Equations [48], [49], and [50] are substituted in Equation [22] 


+ 2.05 10-8 = 1.5150 
f = 0.7575 
whence 
g = 1.42 X 10-8 
h = 1.25 X 10-” 
t = 3.66 X 10-8 


From Equations [30] and [31], using the value of e from Equa- 
tion [41] 


m= 1.08 X 10-%e 
= 5.11 
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n= 3.07 X 10-7e'/* 
= 3.66 X 10-!7 


All of the unknowns have now been evaluated using an esti- 
mated value of a, and twelve of the thirteen equations. To 
check the estimated value of a, use is made of the remaining 
equation, Equation [21]. Substitution of the values of the un- 
knowns in the left side of Equation [21] yields the near equality 
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TABLE 4 

No. AE AE 4(4E per mole) d( AE per react.) 
Gas moles per mole* per react. dT aT 
a CO: 0.0416 21089 878 12.2 0.51 
b CO 0.1987 78880 15670 6.8 1.35 
ec H:0 0.1249 15950 1991 10.5 1.31 
d He 0.1144 68041 7783 6.4 0.73 
SN: 0.7575 11402 8630 6.71 5.14 
OH 0.00025 45461 11 

kH 0.00076 85998 65 

A 0.0090 5680 51 P 
Total 1.2471 35079 9 04 


0.4071 = 0.4070 


It remains to confirm the initial assumption that q, r, 7, and s 
are negligible. The values of b and e calculated previously are 
such that 


Ve = 248 X 10-*b 
Comparison of this with inequality [36] 
Ve > 1.65 X 10-7 b, (q = 0) 


shows that q does equal zero. The ratio of the pressure of the 
carbon vapor actually present to the vapor pressure of carbon 
at the explosion temperature is 1.65 1077/2.48 107% = 
6.65 * 10-5. Inequalities [37], [38], and [39] can then be con- 


verted into the following equations 
Vr = (6.65 X 10-5) (2.9 X 10-2) = 1.9 X 10-* 
6.65 d? 
= 121 10-77 
i 550 x 
(6.65 X 1075) (8.18 K = 5.44 


ll 


8 


Evaluation of r and ¢ yields 


r=3.6 X 10°" 
i = 1.58 X 107° 


Thus the assumption that q, r, /, 
verified. 

The calculations thus far have shown the equilibrium com- 
position of the gasoline-air mixture at 2200 K. It must still be 
demonstrated that the heat evolved by the reaction is just suf- 
ficient to raise the temperature of the gas mixture to the as- 
sumed value of 2200 K. 

The heat energy evolved at room temperature by the com- 
plete constant-volume combustion of 0.030 mole of gasoline vapor 
to H,O (vapor) and CO, is (1,174,400) (0.030) = 35,232 cal (see 
Appendix 1). 

The energy required to raise the temperature from 293 K 
to 2200 K and cause the dissociation which occurs at the latter 
temperature is calculated by using the coefficients a, b, .. ., t 
already calculated, and the internal energy per mole of the 
various gases at 2200 K above the energy of Oo, No, H»O, and CO, 
at 293 K, values of which are given in Table 2. 

The calculation may be conveniently presented as in Table 4. 

The last two columns of Table 4 show the rate of change of 
energy with temperature and will be used to estimate how much 
the actual explosion temperature differs from 2200 K. The 


and s can be neglected is 


a Refer to Table 3. 


difference between the energy evolved and the energy at 2200 K 
is 35,232 — 35,079 = 153 cal. The actual temperature is, there- 
fore, approximately 153/9.04 = 16.9 deg above 2200 K. This 
is not different enough from 2200 K to change the equilibrium 
constants significantly, so the value Tm = 2217 K (1944 C) may 
be taken as accurate. The explosion pressure Pm can be calcu- 
lated from Equation [18] 


P,, = PoNaT»/To 
= (1.000) (1.2471) (2217) /293.2 
= 9.42 atm = 138.5 psia 


It should be noted that if the energy-balance calculation shows 
that the temperature is considerably different from the esti- 
mated temperature which was used to calculate the unknown co- 
efficients, the entire calculations must be repeated using the 
equilibrium constants at the newly estimated temperature. 
However, if the difference between the two temperatures is not 
too great, the recalculation may be greatly simplified by neglect- 
ing the coefficients which the previous calculation has shown are 
negligible. In fact, for all mixture ratios, more than one half of 
the seventeen coefficients can be neglected; however, the coef- 
ficients which may be neglected are different for different mixture 
ratios. In the calculations presented, the precise value of every 
coefficient has been given so that there will be no question as to 
which coefficients are negligible. 
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Heat Transfer in Annul 


By C. Y. CHEN,' G. A. HAWKINS,? ann H. L. SOLBERG® 


A survey of the literature reveals that few data are 
available relative to heat transfer in annular spaces for 
the case of laminar flow. This paper presents data ac- 
quired in an experimental study‘ of the heat-transfer 
coefficients at the inner wall of four different annuli for 
the case of laminar flow of water. Both heating and cool- 
ing tests were conducted. The experiments were per- 
formed over a range of Reynolds numbers from 200 to 
2000. The accompanying dimensionless equation was 


AD VDp 1/3 (" (?)" 
k ( Ma ) k ) My 


found to correlate both the heating and the cooling data 
for all four annuli with an average deviation of +6.6 per 
cent and a maximum deviation of +14.1 per cent. This 
equation may be used for computing the heat-transfer co- 
efficient on the inner wall of an annulus for laminar flow 
of water for Reynolds numbers in the range of 200 to 2000. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = constant 

A = area, sq ft 

b = constant 

c, = heat capacity at constant pressure, Btu/(Ibmass) (deg F) 
d = constant 


D, = outer diameter of annulus, ft 
inner diameter of annulus, ft 
D = equivalent diameter of annulus, ft 


D, = characteristic dimension of annulus, ft 
= constant 
f = constant 
g = gravitational acceleration, ft/hr? 
h = surface coefficient of heat transfer, Btu/(hr) (sq ft) (deg F) 
k = thermal conductivity, Btu/(hr) (ft) (deg F) 


L = characteristic linear dimension, ft 


L = heating or cooling length of an annular section, ft 
m = constant 

m = hydraulic radius, ft 

q, = heat transferred by radiation, Btu/hr 

t = temperature, deg F 

T = absolute temperature, deg R 

V = velocity, fph 

a = constant 
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= emissivity of surface for radiation 

= coefficient of cubical expansion, (deg F)~! 
density, (Ibmass) /eu ft 

= dynamic (absolute) viscosity, (lbmass) /(hr) (ft) 
u, = dynamic (absolute) viscosity at the surface temperature, 
(1bmass) / (hr) (ft) 
dynamic (absolute) viscosity evaluated at bulk-fluid 
temperature, (lbmass) /(hr) (ft) 
difference 


INTRODUCTION 


The double-pipe heat exchanger is frequently used in engineer- 
ing work to transmit heat from one fluid to another. The 
design of this type of heat exchanger requires a knowledge of the 
heat-transfer coefficient in the annular space. Designing engi- 
neers have long felt the need for a single heat-transfer correlation 
which could be used for determining the coefficient for the case 
of an annular space for either a heating or a cooling process. In 
an annular space, heat transfer may take place either at the inner 
surface of the annulus or at the outer surface or both. 

A survey of the literature reveals that in the last decade a num- 
ber of successful investigations have been made on the heat trans- 
fer in annular spaces for the case of turbulent flow. However, 
very little has been done for the case of laminar flow in annular 
Jakob and Rees (1)§ presented a mathematical theory 
of heat transfer between the walls of an annulus and a fluid 
passing through it in laminar flow for the cases of uniform heating 
or cooling from outside, inside, or from both sides at the same 
time. 

Ina recent paper, Davis (2) suggested a tentative dimensionless 
equation for determining heat-transfer coefficients in annuli for 
the case of laminar flow. Since there were no experimental data 
available, the constants of the equation were left as unknowns. 


spaces. 


The criterion of flow is the Reynolds number hn In case of 

flow in an annular space, usually an equivalent diameter is used 
for D. There are two methods of calculating the equivalent 
diameter ofanannulus. In the first of these methods, a value of 4 
times the hydraulic radius m is used for the equivalent diameter. 
The hydraulic radius may be expressed as follows 


(D,? — 


+ Dz) 4 


The equivalent diameter in this case is therefore (D,; — Dz). 
In the second method, the heated perimeter is used. Where 
heat transfer takes place at the inner wall the equivalent diameter 
18 
(D,? — D,?) 
4 D,? — D,? 


This was the first suggested by Jordan (3) and later by Nusselt. 
(4). 


5’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Although both of these equivalent diameters have been used 
for correlating data dealing with heat transfer in annular spaces, 
the one based on 4 times the hydraulic radius was used in this 
investigation to compute the Reynolds number. 

For fiow in a round pipe, it has been established that the lower 
critical Reynolds number occurs at about 2300. The lower criti- 
cal Reynolds number for flow in an annular space has not 
been completely ascertained. Using an annular cylinder having 
a ratio of radii of 0.818 to 1, Page (5) found a value of 2400 as 
the lower critical Reynolds number. Researchers (6, 7) on fluid 
friction in annular spaces have shown that there is no abrupt 
change in friction factor for Reynolds number below 2000. It is 
therefore believed that the lower critical Reynolds number for 
flow in annular spaces must be about 2000. 

In the present experiments, the range of Reynolds number in- 
vestigated was from 200 to 2000. A few cases of abrupt increase 
in the heat-transfer coefficient occurred near a Reynolds number 
of 2000. This was taken as an indication that the critical Reyn- 
olds number had been reached and these data were discarded. 
None of the tests were conducted at a Reynolds number less than 
200, owing to the difficulty of regulating the flow with the availa- 
ble equipment. 


THEORETICAL CONSIDERATIONS 


The problem of forced convection has long defied mathematical 
solution. Only for the simplest cases and corresponding simpli- 
fied assumptions has the mathematical solution been successful. 
In the present cases, because of geometrical complications, 
variable temperature gradients, and heat exchange, dimensional 
analysis was used to correlate the test data. By using general 
dimensionless groups which have been used in other correlations, 
the following equation was selected as a first approximation 


k a k D. D, 

where D, is some characteristic dimension of the annulus. Since 
the criterion of flow is the Reynolds number based on the 
equivalent diameter D, it is logical to use this equivalent diameter 
for D, throughout the correlation. 

The factor (D,/D,)* expresses the effect of geometric proportion 
of different annuli. Inasmuch as the equivalent diameter D is a 
function of D, and Dz, it will simplify computations to use the 
factor (D,/D,)* directly rather than to use an equivalent or some 
other form. 

For the case of laminar flow of fluids of low viscosities such as 
water, natural convection sometimes plays a prominent part. 
When dimensional analysis is applied to problems dealing with 
Lp? At8g 


2 


natural convection, the Grashof number, appears. In- 


troducing the Grashof number, Colburn (8) has correlated the 
data for water, air, and petroleum oil for the case of laminar flow 
in round pipes by use of the following multiplying factor: 


(1 + 


It has been pointed out by Martinelli and his associates (9) 
that for fluids of low viscosities the Grashof number appears in 
the general equation as a constant multiplier. Thus the effect 
of free convection which is represented by the Grashof number 
does not decrease as the Reynolds number becomes larger, but 
remains a constant multiplier. 

In this work attempts were made to express the free convection 
effect as a function of the Reynolds number, the product of the 
Grashof and Prandtl numbers, and other dimensionless group- 
ings. However, for the data obtained in these experiments’ the 
most satisfactory correlation was found using the factor K(G/ 
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R)’, where K is a constant. By use of this relation in Equation 
[1], it is possible to combine the equation constant and K and the 
various Reynolds numbers. Hence in the final equation the 
Grashof number appears as a multiplying factor. 

It is recognized that this procedure is open to question. Other 
correlations may be possible, which would make the equation 
suitable for use beyond the range of the experimental data re- 
ported. 

Since D, the equivalent diameter, is to be used in Equation [1], 
in the Reynolds number, it is desirable to use this same D as the 
characteristic dimension L in the Grashof number. There seems 
to be no universally accepted method of evaluating viscosity in 
the Grashof number. Colburn (8, 10) used the viscosity at the 
film temperature but there is some uncertainty as to how this film 
temperature should be computed. The viscosity at the bulk fluid 
temperature 4, therefore was used in the computation of the 
Grashof number in this correlation. 

Hence Equation [1] becomes 


For both the laminar and the turbulent flow in round pipes, 
Sieder and Tate (11) and Colburn (8, 10) used an exponent for 
the Prandtl number equal to !/s;. For heat transfer at the inner 
wall of the anntli with turbulent flow, Monrad and Pelton (12), 
and Davis (2) correlated the data with a dimensionless equation, in 
which the exponent of !/; was used for the Prandtl number. 
Based on these results, a value of 6 ="/; was used in correlating 
the experimental data. 

The use of (u,/u,)’ in the heat-transfer correlation was first 
introduced by Sieder and Tate (11). For flow inside round 
pipes they used —0.14 for f. This factor accounts for the effect 
of the increased or decreased velocity gradients at a heated or 
cooled wall and may hold even if another wall is placed opposite to 
itasinanannulus. The 0.14 power is valid in crossflow accord- 
ing to Sieder. It seems probable that the presence of another 
wall would not affect appreciably the velocity gradient at the 
heated or cooled wall. Davis (2) used this power to correlate the 
data for heat transfer at the inner wall of the annuli with turbu- 
lent flow, and f = —0.14 was also used to correlate the data in 
this investigation. All of these assumptions can be justified only 
in the light of additional experimental data. 


DEscRIPTION OF APPARATUS 


Fig. 1 is a schematic diagram of the complete setup of the 
equipment. Letter A designates a large water tank equipped 
with a suitable overflow. The heating device consisted of copper 
coils connected to a steam pipe. A mechanical stirrer was used 
to maintain a uniform temperature. 

From tank A water was pumped to the test section. A valve 
and a by-pass were inserted to control the flow. The inlet 
temperature to the annular section was measured by a ther- 
mometer inserted through a cork plug at one end of a tee. The 
temperature was measured at a point where the leading pipe made 
a turn which was located at a considerable distance from the 
entrance to the test section. The location of the thermometer 
was selected in order to eliminate unnecessary turbulence near 
the entrance. The leading pipe was suitably insulated. 

Water flowed through the annular section into the mixing 
chamber where the outlet temperature was measured by means of 
thermometers. From the mixing chamber, the water flowed 
either to the weighing tank or to the drain. Water flowing in the 
inner pipe followed a somewhat similar path, as shown in Fig. 1. 

The test section consisted of two brass pipes, one inside the 
other. Fig. 2 shows a part of the test section. The inner pipe 
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was 7 ftinlength. It was connected to the inlet pipe by a bronze 
sleeve, threaded on one end and soldered to the inner pipe at the 
other end. The outer pipe was 661/2 in. long. Both of its ends 
were slipped into the ends of two cast-iron pieces and the joints 
soldered. These two cast-iron pieces served as the entrance and 
exit pieces and were designed to have the flow area in the section 
leading to the inlet and outlet of the annular section approxi- 
mately equal to the cross-sectional area of the annular space, thus 
eliminating rapid changes in the flow areas. Wooden plugs 
screwed into these cast-iron pieces were designed to permit 
smooth entrance to and from the annulus, and to serve as heat in- 
sulation. Steel packing glands were used to prevent leakage. 

A total of 67'/2 in. effective internal heating or cooling length 
was used in all tests. No calming section was used owing to 
construction difficulties. Water was led into and out of the test 
section in a horizontal direction. 

The following brass pipes were used: 


Pipe Outside diameter, in. Inside diameter, in. 
A 21/4 2 
B 13/3 
1 1/3 
D 3/4 


Four combinations were tested. These were A-C, A-D, B-C, 
and B-D, The inner pipe was centered inside the outer pipe by 
the wooden plugs and steel packing glands, and was strong enough 
to prevent sagging. 

The temperatures of the outside surface of the inner pipe were 


measured along the pipe by calibrated 28-gage copper-constantan 
thermocouples. Seven sets of couples located 11!/, in. apart 
were spaced over the effective length. Each set of couples con- 
sisted of 4 pairs of couples placed around the section at 90-deg 
intervals so as to give an average temperature of the section. 
The first and last sets were placed near the ends of the wooden 
plugs. 

The thermocouples were attached to the pipe wall by a modified 
method suggested by Colburn and Hougen (13). Longitudinal 
slots 3 in. long, '/i¢ in. wide, and !/;5 in. deep were cut on the out- 
side surface of the inner pipe. The cotton-covered insulation on 
the wires was first impregnated with a water-resistant varnish. 
After welding the junction, the insulated wires were twisted to- 
gether and pressed into the slot. A drop of solder was placed 
over the welded ends of wires to form a rigid connection between 
the thermocouple and the pipe. The soldered joint was then 
polished with fine emery cloth in order to get a surface flush with 
the pipe surface. Waterproof varnish was applied to the wires 
in the slots in order to make the surface of the slot flush with the 
pipe surface. 

The thermocouples were led out vertically from the inner pipe 
surface through 1/s-in. holes drilled in the outer pipe and through 
a small packing gland to the outside. These small packing 
glands were screwed into seats which were soldered to the outside 
surface of the outer pipe. All the thermocouple wires were led 
downstream except the last grotp which was brought upstream 
because of space limitations. In this case a fine copper wire was 
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wound around the ends to prevent them from becoming loose. 
This prevented the couples from being moved out of the slot by 
the flowing fluid. After the tests the couples were all inspected 
and were found to be practically in the same condition as they 
were when first placed in the slots. 

The outer pipe was cut into three sections to simplify the opera- 
tion of installing the thermocouple wires. After all the couples 
were installed and checked, the outer pipe sections were joined 
by two sleeves and soldered. The surfaces at the sections were 
faced smoothly so that when the sections were joined together in 
the sleeve, they would closely match each other and thus prevent 
turbulence. 

The short lengths of thermocouple wire leading from the inner 
pipe surface through the holes in the outer pipe surface and 
through the glands, were impregnated with waterproof varnish. 
Since 28-gage thermocouple wires were used, it is believed that 
the wires caused very little disturbance to the flow. The ac- 
curacy obtained from averaging the temperatures around the 
section should more than offset the small additional turbulence 
caused by the thermocouples. 

Five sets of thermocouples were soldered on the outside surface 
of the outer pipe. Each set consisted of two pairs of couples, one 
at the top and the other at the bottom. These gave the outer- 
wall temperature gradient along the pipe. 

Piezometer holes !/s in. diam were drilled at two sections on the 
outer pipe 54 in. apart, spaced equally from the two ends. At 
each section the four openings were connected to a brass piezome- 
ter ring. The pressure readings from a Wahlen gage and an 
inclined draft gage served as a check as to whether laminar flow 
existed in the annular space. 

The mixing chambers, Fig. 3, were made of 4-in. standard 
galvanized pipe and were fitted with half-moon baffles on the 
inside to promote mixing. In order to obtain the outlet tempera- 
ture, two thermometers were insérted through the rubber stoppers 
at the top of the mixing chamber with their bulbs widely spaced 
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ENTRANCE OF TEST SECTION 


at two different heights in the chamber. The exact check of the 
two thermometer readings indicated the efficiency of the mixing 
chamber. <A short glass tube inserted through one of the rubber 
stoppers and connected to a glass stopcock served as a vent for 
the air to escape from the chamber when the fluid started to flow. 
The results of temperature measurements made on the mixing 
chamber during preliminary calibration tests did not show any 
evidence of stratification. 

The outside surface of the outer pipe and the mixing chambers 
were heavily insulated. 

The test section was mounted horizontally with a slight inclina- 
tion to enable air to escape from the vent at the exit end. 

From the mixing chamber, water was led to the weighing tank 
and the drain through separate pipe lines and valves. As shown 
in Fig. 1, two tees were placed in the flow paths before the valves. 
The tees were open to the atmosphere at one end to stabilize the 
flow. 

After the tests had been completed on each combination of 
pipes, the inner pipe was taken out and examined. The outer 
wall of the inner pipe was feund to be slightly fouled. When 
the inner pipe was used again, in a different combination, its 
outer surface was carefully polished. 


Test PROCEDURE 


All thermometers were calibrated. The thermocouples were 
checked against each other by running water at the same tem- 
perature through both the inner pipe and the annular Section. 
Only parallel flow was employed and both heating and cooling 
runs were made. Water was used in both the annulus and the 
inner pipe. ; 

To start a test, the sources of water were turned on and the 
mechanical stirrer set into operation. Cooling tests were con- 
ducted first. Valves nos. 1 and 2, Fig. 1, were adjusted to give 
the flow corresponding to the Reynolds number. Valves nos. 3 
and 4 on the inner pipe side were adjusted to give a flow such that 
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the drop in temperature of the fluid in the annular section would 
be as small as practical but large enough to give a suitable tem- 
perature between water flowing out from the annulus and water 
flowing out from the inner pipe. Valves nos. 5 and 7 were kept 
open while valves nos. 6 and 9 were closed. Water flowed into 
the two weighing tanks during the test except for a brief instant 
when the initial tank readings were taken. 

The various temperature and pressure readings were taken at 
regular intervals. After these readings had remained constant 
for about 1 hr, thermal equilibrium was reached and a set of 
readings was taken, which included the inlet and outlet tempera- 
tures of water in both the annulus and the inner pipe, the pipe- 
wall temperatures, and the weight rate of flow in both the annulus 
and the inner pipe. 

Check tests were conducted on different days to ascertain 


TABLE 1 


Dp = 2 in Dy = 1 in. 


67.5 
Heating or cooling length, = 67 1/2 in. D 


Cooling Tests: 
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whether or not the surfaces were becoming contaminated by dirt 
or other substances. In every case these test results agreed. 


EXPERIMENTAL RESULTS AND CONCLUSIONS 


The original experimental data together with computations are 
presented in Tables 1, 2, 3, and 4. In computing the data the 
average fluid temperature in the annulus was taken as the arith- 
metic average of the inlet and outlet temperatures. The heat 
transferred was based on readings on the inner pipe. The heat- 
transfer coefficient was based on the arithmetic-mean tempera- 
ture difference. The inner pipe-wall temperature was the 
average of the 28 thermocouple readings. Values of u, c,, and k 
were based on those given by Dorsey (14). The coefficients of 
cubical expansion of water at different temperatures were based 
on Kopp’s data on the relative volumes of water at different 


in. 


Water in the Annulus Beirg Cooled 


fun aver. aver. Temp. Water Water Heat Heat 
No. Diff. Rate Transfer Ru Pr og Re 
Water Temp. mp. F t in An in ih- ferred Coeffi- hD 
Op In An- Wall F mulus_,ner (Based on cient = 
Annulue Inner Pipe mlus, Temp. 1b br“*Pipe readings h 
out In Out In lb br@*on Inner shr-! 
Pipe 
B hr-l 
1 106.3 126.1 968.5 62.7 116.2 103.9 12.3 67.5 28.5 lols 56.0 12.60 3.79 1,425,000 0.885 245 
2 112.2 126.0 108.9 61.7 119.1 106.5 12.8 95.7 26.7 1260 66.6 14.97 3.68 1,624,000 0.870 358 
3 108.9 120.7 95.0 61.9 114.8 98.9 15.9 170.3 61.5 1906 61.5 18.4 3.€5 1,770,000 0.850 610 
4 106.8 121.0 83.8 60.5 113.9 94.1 19.8 202 113.6 2660 91.2 20.6 3.88 2,150,000 0.811 719 
$ 114.5 121.6 102.1 64.0 1186.1 105.9 12.2 238 42.5 1620 90.1 20.3 3.72 1,595,000 0.887 881 
$ 121.8 121.4 g2.4 6.7 116.8 101.2 15.6 316 83.1 2640 115.0 25.9 3.76 1,848,000 0.832 1156 
7 113.0 122.7 65.6 62.0 117.9 98.9 19.0 367 145.1 3380 120.9 27.2 3.72 2,310,000 0.825 1356 
8 ll2.6 121.5 80.6 61.0 117.1 97.5 19.6 480 202 3960 137.2 dO.9 3.75 2,330,000 0.817 1760 
o 114.38 120.2 90.9 60.9 117.3 100.7 16.6 539 102.3 3070 125.7 28.35 3.74 1,965,000 0.847 1960 
Heating Tests: Water in the Anmnulus Being Heated 

10 71.0 &.8 73.1 113.6 67.9 75.2 7.8 113.0 16.9 6835 64.0 15.435 7.05 128,500 1.100 236 
ll 71.3 64.7 76.6 114.1 68.0 77.4 9.4 166.6 27.6 1037 74.7 18.00 7.04 167,000 1.138 348 
12 70.3 63.2 79.1 116.1 66.8 78.5 11.7 205 36.0 1403 81.5 19.65 7.19 194,200 1.168 421 
1s 69.2 64.0 81.2 117.1 66.6 78.6 12.0 312 47.2 1693 95.9 23.2 7.20 196,100 1.173 638 
14 69 6 63.1 96.1 119.0 66.4 82. 16.5 428 124.5 2850 117.0 28.1 7.22 270,000 1.239 876 
1S 70.8 635.9 101.4 115.8 67.4 66. 18.7 483 232 3340 121.5 29.35 7.12 320,000 1.271 1000 
16 68.8 64.2 99.5 117.1 66.5 83.1 16.6 666 165.3 2940 120.5 29.1 7.21 272 ,000 1.198 1360 
17 67.6 62.9 100.3 114.9 65.5 65.2 19.9 885 288 4200 143.1 34.7 7.35 304,000 1.293 1780 
16 67.8 63.3 100.7 115.4 65.6 84.8 19.2 964 290 4260 150.5 36.4 7252 300,000 1.282 1945 
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TABLE 2 
= 1.375 in. Do = 0.750 ine 1.888 D = 0.625 in. 
eating of cooling length, L = 67 1/2 in. p 108.0 
Cooling Tests: Water in the Annulue being Cooled 
Aver. Aver. Temp. Water Water Heat Trans- Heat ™ Nu Pr Os Re 
Mater Inner Diff. Rate Rate ferred Transfer A, 
Water Temp. Temp. Pipe t in dns in In- (Based on Coeffi- (AS) Aa 
F in An- Wall P mlus ner readings cient a 
Annulus Inner Fipe mlus, Temp. lod hr™* PL on Inner h 
out In Out In F lb -2P 
B 
106.4 113.2 100,4 63.2 109.8 104.8 5.0 69.5 10.8 4.4 74.5 10.58 4.06 117,800 0.952 334 
107.8 1186.2 102.4 61.1 113.0 103.5 9.5 81.8 19.5 805 76.4 10.80 4.05 244,000 0.907 408 
109.4 126.1 99.6 635.0 117.8 103.5 14.35 85.5 35.5 1505 82.8 11.63 3.72 425,000 0-866 446 
111.0 121.9 100.5 6l.1 116.5 103.5 13.0 135.9 34.5 13559 94.9 13.56 3.77 370,000 0.880 699 
109.2 118.8 97.4 €.5 114.0 99.7 14.3 187.3 48.2 1690 107.0 15.10 3.88 381,000 0.865 942 
107.7 118.1 92.9 61.5 112.9 97.4 15.5 227 68.8 2170 126.4 17.82 3.92 399,000 0.848 1180 
111.0 120.9 92.5 62.7 116.0 98.€ 17.4 255 80.8 2390 124.2 17.50 3.80 491,000 0.837 1310 
116.8 121.9 107.1 61.9 119.4 109.5 9.9 310 35.5 1511 137.7 19.52 3.66 307,000 0.910 1640 
112.8 121.6 95.2 61.5 117.2 99.0 18.2 352 86.8 2920 145.0 20.5 3.75 531 ,000 0.831 1825 
114.2 123.9 95.1 61.8 119.1 99.5 19.6 383 101.6 3380 156.3 21.9 3.66 604,000 0.820 2020 
Heating Tests: Water in the Annulus Heing Heated 
74.2 64.9 79.1 112.8 69.6 80.0 10.4 91.8 27.3 925 80.1 12.00 6.88 49,400 1.147 276 
1.5 64.8 75.8 110.4 68.2 73.4 9.2 126.35 24.1 B34 61.6 12.27 7.02 39,800 1.128 374 
69.7 64.8 73.5 110.8 67.35 74.9 7.6 158.8 19.5 728 86.5 13.21 7.12 31,800 1.104 482 
73.9 66.2 65.9 111.3 70.1 82.1 12.0 178.8 SO.3 1278 96.1 14.41 6.85 $8,300 1.168 542 
71.7 65.9 SS.l 115.5 68.8 82.5 13.5 252 &2.7 1486 99.6 14.97 6.95 61,500 1,190 751 
71.4 65.8 69.7 111.0 68.6 82.8 14.2 3O3 62.5 1760 112.0 16.85 6.97 64,000 1.200 902 
71.5 66.1 94.0 112.0 68.7 83.8 15.1 388 112.9 2030 122.0 18.33 6.97 68 , 400 1.212 1156 
4 64.5 95.4 115.4 67.5 65.5 17.8 400 146.0 26350 1353.5 20.2 7.10 75,000 1.260 1288 
70.0 65.5 96.1 110.2 66.8 87.4 20.6 545 246 3460 152.0 22.9 7.18 83,500 1.302 1575 
69.6 635.7 95.6 109.7 66.7 87.2 20.5 650 265 3730 164.5 24.8 7.20 62,800 1.302 1981 
TABLE 3 
Lb, = 1.375 in. = lin. 
be 1.398 D = 0.375 in, 
Heating or cooling length, i = 67 1/2 in. 5 * 399.8 
Cooling Tests: Water in the Annulue Being Cooled 
Aver. Aver. Temp. Water Water Heat Meat Nu Pr or Re 
Water Inner Diff. Rate Rate Trans- Transfer (nt) 0, Aa D0? at = 
Water Temp. Temp. Fipe t in An- in ferred Coeffic- 
Pr in An- Wall mulus ner (Based on tient 
Annulus Inner Pipe mulus, Temp. lb hr™* Pipe Readings hy 
Out In Out In P P lb on Inner 
Pipe 
B 
95.9 117.5 84.2 60.0 106.7 91 .€ 14.9 68.1 56.1 1360 62.0 5.50 4.20 68,500 0.848 2a5 
99.5 120.8 85.7 59.0 110.5 92.3 18.2 86.7 69.1 1644 68.8 5.86 4.05 93,100 0.825 375 
105.3 123.7 90.8 59.7 114.5 97.6 16.9 110.0 59.3 18435 74.1 6.27 3.85 98,200 0.840 497 
98.8 115.4 76.9 58.9 107.1 90.4 16.7 158.9 137.4 2440 99.0 8.47 4.18 77,°00 0.830 669 
99.5 11s.5 73.6 58.9 107.5 87.7 19.8 2m 289 4250 145.3 12.41 4.16 93,100 0.801 1191 
105.7 116.6 82.4 $8.8 111.2 95.6 15.6 340 151.3 3570 156.0 13.06 3.93 80,000 0.845 1490 
110.0 121.1 84.9 §9.0 115.6 99.1 16.5 362 157.5 4080 168.5 14.30 3.82 98 , 500 0.848 1650 
113.2 122.2 62.2 60.5 117.7 104.5 13.4 400 155.1 33570 171.0 14.4) 3.73 85,600 0.876 1865 
109.9 120.1 80.0 59.5 115.0 98.4 16.6 445 211 452 176.2 14.92 3.84 98,200 0.845 2010 
heating Tests: Water in the Annulus Being Heated 
726d 61.1 75.£ 112.1 66.7 75.7 9.0 78.4 22.1 B10 60.8 5.51 7.18 7,860 1,126 202 
758.6 64.9 91.2 111.2 70.3 82.6 12.3 111.2 88.6 12€5 69.8 6.B €,80 13,200 1.171 302 
70.8 63.2 S-& 112.4 67.0 78.4 11.4 185 56.3 1520 90.7 8.21 7.16 10,070 1.161 482 
71.2 635.5 96.1 112.1 67.4 80.6 13.2 235 120.6 193. 19.0 8.96 7.12 11,980 1.190 615 
€9.6 2 6 94.1 109.5 66.1 79.7 13.6 269 132.0 20580 101.7 9.22 7.23 11,490 1.195 693 
68.3 62.6 93.9 110.0 65.4 77.6 12.2 339 127.5 2050 114.3 10.40 7.35 9,890 1.175 864 
65.8 61.7 97.4 112.5 65.5 79.6 14.5 486 223 3350 159.0 14.45 7.356 11,500 1.210 1235 
67.2 61.7 96.2 112.0 64.5 77.5 13.0 705 232 Sseeo 192.90 17.48 7.48 11,890 1.190 1780 
65.6 6i.2 96.1 113.4 63.4 75.8 12.4 840 208 3600 197.1 18.00 7.57 8,970 1.180 2080 
TABLE 4 
= 2 in. Dp = 0.750 in. D = 1.25 in. 
Hesting or cooling length, & « 67 1/2 in. BD = 56-0 ‘ 
Cooling Tests: Weter in the Annulus Being Cooled ‘ 
Aver. Aver. Temp. Water Water Heat Heat Mu Pr or Ae 
Water Inner Diff. kate treme “(Ry Ae p 
Water Temp. Temp. Pipe t in An- n In- erred Coeffic- ( =) ¥ 
in An- Wall mulus_, ner (Baaed ontent ) 
L Inner Pi mlus, Temp. > hr™ ripe readinge 
Pire 
R 
103.3 118.0 v6.9 62.7 110.6 97.1 13.5 57.35 22.9 785 52.6 14.92 4.02 2,610,000 0.865 216 
107.6 114.6 99.5 64.0 103.5 7.6 81.2 15.0 63.0 17.88 4-00 1,492,000 0.925 
107.0 115.3 95-5 65.1 Lll.L 100.4 10.7 129.0 31.1 1006 65.1 24.1 4.00 2,100,000 0.697 488 
107.5 117.9 91.7 61.8 112.7 97.6 15.1 140.3 46.1 1380 62.8 23.5 3.93 3,100,000 0.852 540 
105.9 119.2 95.7 61.7 114.5 100.7 13.8 191.0 51.0 1630 107.0 30.2 3.85 2,980,000 0.871 747 
113.1 119.8 97.5 62 .6 116.4 103.7 12.7 258 45.0 1570 111.8 31.4 3.78 2,910,000 0.681 1027 
113.3 120.2 92.9 62.5 116.7 101.4 15.5 326 69.5 2110 124.7 35.1 3.76 3,550,000 0.657 1305 
114.1 120.2 93.5 63.0 117.2 102.1 15.1 416 77.5 2350 140.9 39.6 3.75 3.520,000 0.860 1668 
113.8 120.5 89.9 62.8 117.2 98.8 18.4 460 107.6 2920 144.1 0.6 5.75 4,270,000 0.850 1842 
Heating Tests: Water in the Annulus Being Heated 
74.9 64.1 85.6 109.6 69.5 62.4 12.9 1086.0 44.1 1060 74.6 22.4 6.89 484,000 1,182 251 
71.7 64.1 83.9 107.5 67.9 80.5 12.6 154.7 50.5 LLg2 85.9 25.8 7.05 437,000 1,178 352 
69.9 63.3 60.. 108.9 66.6 78.0 11.4 182.0 39.2 1135 90.5 27.5 7.20 366,000 1.162 “07 
70.7 62.7 68.3 110.8 66.7 14.4 216 72.5 1632 103 ,0 Si.l 7.19 465,000 1.206 484 
68.5 62.8 83.8 110.4 65.5 78.2 12.7 294 55.0 1461 104.6 31.6 7.35 384,000 1.182 648 
69.3 61.2 96.2 110.7 65.2 87.2 22.0 377 211 3060 126.1 38.1 7.34 656,000 1.3529 629 
70.5 63.7 100.5 118.9 67.1 90.5 23.2 $12 186.8 3440 134.6 40.6 7.16 765,000 1.542 1150 
66.0 63.5 95.0 110.8 65.8 85.2 19.4 692 1868.9 2980 139.1 42.1 7.50 20 1.284 1530 
69.0 64.0 99.6 113.4 6.5 90.9 24.4 644 305 4210 156.0 47.1 7.22 20 1.362 1682 
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temperatures as listed in Kent’s Mechanical Engineers’ Hand- 
book. 

In making the correlation, an exponent of —!/; was assumed 
for the L/D factor in Equation [2], and four sets of cooling-test 
data for the different annular combinations were selected with 
approximately equal Reynolds numbers. The function 


was plotted against (D,/D,) values for these four sets on loga- 
rithmic paper. Different straight lines were drawn to join the 
four points. The slopes of the lines were found to vary from 0.8 
to 1, the majority being in the neighborhood of 0.8. As a result, 
it was decided to use a value of 0.8. 

The function 


was plotted azainst 
D*p*Bg ua ) 
VDp 


on logarithmic paper for eight sets of cooling and heating tests on 
the four combinations with approximately equal Reynolds num- 
bers. A straight line was drawn to join the points and a slope of 
0.05 was found for the line. 

The function 


105 


was plotted against ~ on logarithmic paper for all 74 runs. 


The plotted points fell within a strip on the graph, showing the 
definite existence of a correlation; however, the spread of the data 
was rather large. 
Finally the exponent of (D/L) was changed to —0.4 and the 
function 


was plotted against ——. A satisfactory correlation resulted. 


Combining the Reynolds number, the function 


k k My L 


was plotted against the Reynolds number as shown in Fig. 4. 
A close examination shows that the slope of a line drawn 
through the cooling data is slightly steeper than a similar line for 
the heating data. The difference between the two is so small that 
it can be neglected. 
The equation of the single line in Fig. 4 was found to be 


hD cate)" (? —0.4 D3p28g At 
"D 
= 1.02 


( \0- 45 
) 
Solving for the Nusselt number gives 
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Fie. 4 RECOMMENDED CORRELATION OF Data FoR HEATING AND Coo.Line TESTS 


Equation: ond D, L = 1.02 
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DIscUSSION AND CONCLUSION 


The following equation 


k Ma k My L D, 


D8p?8g At 0.05 


was found to correlate the test data with an average deviation of 
+6.6 per cent and a maximum deviation of +14.1-per cent. In 
view of the variables encountered in such a problem and the diffi- 
culty of making precise temperature measurements, it is consid- 
ered satisfactory and is recommended for computing the heat- 
transfer coefficient at the inner wall of an annulus for laminar 
flow. Since the tests were conducted over a range of Reynolds 
number from 200 to 2000, the relation is only valid for this range 
of Reynolds number. However, as the effects on heat transfer in 
the laminar region should be the same for all Reynolds numbers 
below the lower critical value, as is the case for flow in round 
pipes, it can be reasonably expected that the equation may also 
hold for Reynolds numbers smaller than 200. 

It should be noted that the exponent for (P) was assumed to be 
1/3. The Prandtl number is connected solely w th the properties 
of the fluid. As water was the only fluid used, the exponent for 
(P) was not verified for all fluids. Nevertheless, it is safe to pre- 
sume that this exponent should be somewhere around !/3, as 
this was the exponent used successfully in the correlation of the 
heat-transfer data for both laminar and turbulent flow in round 
pipes, and for turbulent flow in annuli. 

The Grashof number (G) in Equation [3] accounts for the 
effect of natural convection. This effect should decrease with an 
increase in the flow rates or Reynolds number. This was proved 
qualitatively by the temperature-distribution data. 

The temperature at any section was found to be the highest at 
the top and the lowest at the bottom. In 1931 Drew and Ryan 
(15) studied the distribution of heat about the circumference of a 
pipe in a stream of fluid flowing across the pipe. Baker and Muel- 
ler (16) investigated the temperature variation around the pe- 
rimeter of a tube when pure and mixed vapors were condensing. 
They found that the top surface attained the highest temperature 
and the bottom the lowest. Since only four temperature read- 
ings were obtained at each section, no quantitative analysis can 
be made. 

The percentage of difference between temperatures at the top 
and bottom of any one section decreased with an increase in the 
Reynolds number. This means that the effect of natural convec- 
tion decreased for a given increase of the Reynolds number. 

The end effect constitutes a variable, the influence of which 
could not be determined quantitatively from the experimental 
results. It is felt that the end effect on the heat-transfer rate is 
very small for these experiments. The (L/D) ratio for the four 
annular combinations varies from 179.8 to 54. However, the 
test data fell into a satisfactory correlation. This should indicate 
that the end effect for different (L/D) ratios within this range 
were of the same order of magnitude at the same Reynolds num- 
ber. 

The difference between the heat loss or gain for the water flow- 
ing in the annulus and the heat loss or gain for the water flowing 
in the inner pipe was used as a relative index of the heat balance. 
Due to the facts that the area of the external insulation surface 
was not known accurately, and that the temperature differences 
between the outer insulation surface and ‘the air were small, no 
effort was made to compute the heat-transfer loss by convection 
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and radiation from the insulation surface. Approximate com- 
putations could be made for this loss, which when taken into ac- 
count would decrease the difference between the heat gained or 
lost by the fluid in the annular space and the heat gained or lost 
by the fluid in the inner pipe. It was felt that the difference 
between the heat gained or lost by the water in the annular space 
and that in the pipe would serve as an index of the reliability of 
the tests. The average difference for all of the tests was approxi- 
mately 5.8 per cent. The results obtained on the first test 
conducted showed a difference of 31.6 per cent. The data for 
one other test checked to within 16.9 per cent. The differences 
for seventy-two tests were less than 11 per cent, the average for 
these tests being 5.22 per cent. 

The heat-transfer coefficients for the inner pipe were computed 
in order to check the experimental values. These data correlated 
in a satisfactory manner with those already published. 
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Heat Transfer in the Locomotive Boiler 


By LAWFORD H. FRY,! NEW YORK, N. Y. 


It is shown that the total heat absorption in a locomotive 
boiler for any assumed rate of heat release and weight of 
gases of combustion can be predicted with all of the ac- 
curacy practically necessary. The over-all heat transfer is 
considered as taking place in two separate operations 
which can be represented by two formulas, a fourth-power 
equation of the usual type for the radiation in the firebox, 
and a double logarithmic equation for the convection in 
the flues. This form of equation was suggested by Fessen- 
den (1),? and its usefulness has been extended by the co- 
efficients developed by the present author. It may not 
represent the exact physical reactions of the process of 
heat transfer, but it has the pragmatic sanction of giving 
practically accurate results under many different condi- 
tions. Actually that is all that can be claimed for any 
other heat-transfer formula even if it uses the Reynolds 
number. Fessenden pointed out, ‘It should be noted that 
the apparently rational idea that the rate of heat transfer is 
directly proportional to the temperature difference is, 
after all, only an assumption that has been accepted for 
so long that it has come to be regarded as an axiomatic 
statement of fact.”’ 


HE locomotive boiler with its water-enclosed firebox and its 

fire-tube barrel still follows the lines laid down by George 

and Robert Stephenson when they built the Rocket in 1829. 
This survival is sometimes criticized by advocates of other forms 
of motive power who think that we should be modern at all costs. 
Actually the retention of the locomotive-type boiler is the result 
of hard common sense supported by the inherent advantages of 
the arrangement. Change in design is not necessarily good engi- 
neering. Retention of a circular form for a wheel is still good 
practice, 

Study of the details of operation of the locomotive boiler leads 
inevitably to recognition of the fact that in its modern form the 
locomotive boiler is an extremely compact and effective mecha- 
nism for the production of steam, Some efficiency of com- 
bustion is deliberately sacrificed to obtain the high rate of heat 
release necessary. It must be remembered that the boiler is 
part of a mobile power plant capable of running at 100 mph and 
able to pass through the restricted limits of a railroad loading 
gage. Evaporative capacities of over 100,000 lb of superheated 
steam per hr are obtained, and heat-release rates up to 300,000 
Btu per hr per cu ft of firebox volume may be reached at maxi- 
mum outputs. It is obvious that such rates of heat release are 
not compatible with high combustion efficiencies. The efficiency 
of heat absorption with which this paper is chiefly concerned is, 
however, generally satisfactory. 

In studying the processes by which part of the heat released in 
the firebox is transferred to the boiler heating surfaces and taken 
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up by the water and steam, the action may be considered as 
taking place in two major and individual operations. In the 
firebox, part of the heat released is taken up by direct radiation, 
while the remainder is carried into the tubes and flues by the 
gases of combustion. Of this gas-carried heat, part is transferred 
to the evaporative and to the superheating surfaces by convection 
while the remainder is lost through the smokebox as sensible and 
latent heat in the gases of combustion. 

The purpose of this paper is to present formulas which repre- 
sent the two processes of heat transfer and to show how they can 
be combined for use in estimating the amount of heat that will 
be taken up by a boiler of given dimensions under any known or 
assumed operating conditions. 

In applying the formulas the boiler design is characterized by 
the area of the firebox heating surface, and by the number, 
diameters, and lengths of the flues, tubes, and superheater pipes. 
The operating conditions are characterized by the rate of heat 
release and by the weight of gases of combustion produced per 
hour. These dimensions and conditions are necessary and suffi- 
cient for determining the rate at which the boiler will take up 
heat to be used in producing and superheating the steam. 


Over-ALL Heat TRANSFER 


Computation of the over-all heat transfer falls into two parts. 
In the first the rate of heat release, the rate of gas production, 
and the area of the firebox surface are used to find the so-called 
“equilibrium temperature” of the firebox. This is the tempera- 
ture at which the sum of the heat radiated direct to the firebox 
surface and of the sensible heat carried by the gases at that 
temperature is just equal to the total available heat released by 
combustion. 

In the second part of the computation the gases aré assumed 
to enter the flue bundle at the equilibrium temperature and to 
lose temperature at a rate given by the double logarithmic for- 
mula, Equation [2]. This equation takes into account the rate 
of gas flow, the gas-swept perimeter and the free gas area of the 
flue bundle, the temperature of the receiving surface, and the 
length of the flues. 

Details of the formulas and of their application in practice are 
given later. Attention is here directed to the results obtained 
by applying the formulas to four different locomotive boilers of 
the dimensions shown in Table 1, for which extensive boiler test 
results are available. Outlines of two of the boilers are shown 
in Fig. 1. Two boilers have Type A superheaters with 4 pipes 
in each flue, while the other two boilers have Type E superheaters 


TABLE 1 PRINCIPAL DIMENSIONS OF BOILERS ‘ 
Test series A: B Cc D 


Flues, number, and OD inin... 69—5!/2 198—3!/2 170—31!/2 40—5!/2 
Tubes, number, and OD inin.. 184—2!/, 50—2!/4 120—2!/4 236—2!/4 
Length between flue sheets, ft.. 17.9 20.4 18.9 19.1 
Superheater type............. AS ED E A 
Superheater pipes OD, in...... 13/16 13/16 
Superheater pipes, number in 

fue 4 2 2 4 
surface (fireside), 

3719 3986 3908 3686 
Superheater surface (fireside), 

sq ft. 2029 2640 2052 1205 
Gas-swept perimeter (p), in. 3477 3820 3750 3068 
Free gas Bike 1522 1368 1389 1382 
as we 2.28 2. 2.70 2.22 
Firebox dint Si (net), cuft.... 613 391 475 410 
Firebox heating surface, sq ft.. 490 373 406 311 
Grate aren, 92.0 75.8 70.0 69.3 
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TRANSACTIONS OF THE A.S.M.E, 


FT BETWEEN TUBE SHEETS 


FEBRUARY, 1946 


SUPERHEATER TYPE “A-S* 
SUPERHEATING SURFACE+ 2029 SOFT 


FIREBOX VOLUME + 613 CUBIC FT 
FIREBOX HEAT SURFACE (INCL CIRCULATORS) = 490 SQ FT 
GRATE AREA + 92 SQ FT 


184 BOILER TUBES— 24 OD 
69 BOILER FLUES— 5$¢ OD 


EVAPORATIVE SURFACE - FIRESIDE 
TUBES AND FLUES* 3719 SQ FT 


FIREBOX VOLUME = 39! CUBIC FT 
FIREBOX HEAT SURFACEJINCL ARCH TUBES): 373° 
GRATE AREA+75.8 SQ FT 


20.4 FT BETWEEN TUBE SHEETS 


50 BOILER TUBES — 24 00 
198 BOILER FLUES— 34 00 


Boiter “A” 


SUPERHEATER = TYPE 
SUPH. SURFACE 2640 SOFT] 


EVAPORATIVE SURFACE - FIRESIDE 
TUBES AND FLUES+ 3986 SQFT 


Fia. 1 


12) 


254059 


O 
12) 


fe) 
fe) 
re) 


250.0 
982898 
5050 


Boiler ‘‘A”’ 


Bower 


CoMPARISON OF BorLER DIMENSIONS 


Boiler 


Fie. 2. REPRESENTATIVE ARRANGEMENTS OF SUPERHEATER FLUES AND TUBES 


(Boiler ‘“‘A,”’ equipped with Type A superheater with 4 pipes in each oe = “‘B,” equipped with Type E superheater with 2 superheater pipes in 
each flue. 


with 2 superheater pipes in each flue. Representative arrange- 
ments of the superheater flues and the tubes are shown in Fig. 
2. Computations for heat transfer have been carried out for 
twenty-seven tests taken largely at random. The test data for 
rate of heat release and weight of gases of combustion have been 
used, and the rates of heat transfer in firebox and in flues and the 
resulting smokebox temperatures have been computed by means 
of the formulas. The results are given in Tables 2 and 3 for 
comparison with the measured values. Agreement between 
measured and computed values is generally satisfactory, as the 
greatest divergence is hardly greater than the element of un- 
certainty in the measured values. 


Heat DIsTRIBUTION 


Table 2 includes the experimental data to which the formulas 
are applied and gives the computed and measured firebox and 


smokebox temperatures. The relation between measured and 
computed temperatures is also shown in Figs. 3 and 4. 

Table 3 is based on the same data, measured and computed, 
that are contained in Table 1, but the data are organized to show 
how the heat released in the firebox is distributed. It may be 
noted that rates of firing range from the low rate of 35 lb of dry 
coal per sq ft of grate area per hr up to the high rate of 242 lb 
per sq ft per hr. Column 4 gives the computed equilibrium 
temperature, and column 5 the corresponding rate of radiation 
per square foot of firebox heating surface. This rate of radiation 
is given in column 5 in terms of Btu per hour and in column 6 
is translated into equivalent evaporation in pounds of water per 
hour from and at 212 F per square foot of firebox surface. These 
values run up to 126 lb per sq ft per hr at the maximum firing 
rates. At normal working rates they are about 90 to 100 lb 
per sq ft per hr. There is no direct method of checking these 
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TABLE 2 


FRY -HEAT TRANSFER IN THE LOCOMOTIVE BOILER 


Per sq ft firebox 


EXPERIMENTAL DATA AND COMPARISON OF COMPUTED VALUES WIT'I 
MEASURED VALUES FOR FIREBOX AND SMOKEBOX TEMPERATURES 


Firing Smokebox — heating surface —~ 
rate, _—-Firebox temperature, F—~ _ temperature, F Weight 
lb DCF -—-Measured-—~ Computed — ~--——- Heat gases of 
’ Test per SFG Flue equilibrium Meas- Com- released, combustion, 
Series no. per hr Center sheet temperature ured puted Btu perhr lb per hr 
1 2 3 4 5 6 7 8 9 10 
A 1441 47 2491 1530 1840 76 570 109 500 126 
1440 68 2476 1579 1950 617 605 140 000 153 
1436 102 2643 2083 2090 686 664 208 000 235 
1437 123 2630 2163 2075 713 683 219 000 254 
1439 151 2566 1858 2230 741 721 271 000 288 
1438 182 2734 2058 2300 768 760 312 000 324 
1444 207 2642 2058 2380 775 760 334 000 324 
1442 242 2703 2150 2490 807 780 367 000 328 
B 4F 56 - 1540 1915 526 515 147 000 175 
4D 62 a 1530 1970 562 525 161 000 188 
7F 85 ea 1600 2120 604 557 223 000 250 
7H 97 ‘ 1750 2190 607 562 237 000 251 
10C 114 i 1710 2260 655 595 285 000 300 
10D 115 - 1780 2260 628 585 274 000 282 
101 134 + 1940 2320 642 590 304 000 307 
13G 139 os 1940 2410 660 600 314 000 290 
13M 161 ie 2160 2400 667 607 344 000 334 
13F 182 as 2040 2480 693 620 394 000 374 
13K 208 as 2350 2500 660 634 405 000 376 
¢ 517 58 2173 1647 1700 507 540 104 500 148 
510A 81 2123 1692 1900 549 565 150 000 185 
519A 122 2067 1762 2015 590 612 204 000 248 
527A 175 2369 1669 2320 647 660 274 000 327 
Db 607A 35 1750 ae 1715 500 505 86 500 106 
623A 107 2324 1646 2070 632 645 242 000 298 
651A 139 2466 1895 2310 676 690 312 000 323 
610A 173 ee ee 2485 698 715 378 000 35) 
i Nore: DCF = dry coal fired, SFG = square feet grate area, 
a i T 
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Fic. 3. RELATION BETWEEN MEAsURED AND CompuTEeD TEMPERA- 
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TRANSACTIONS OF THE A.S.M.E. FEBRUARY, 1946 


TABLE 3 COMPUTED RADIATION AND EQUIVALENT EVAPORATION IN FIREBOX 
TOGETHER WITH PERCENTAGE DISTRIBUTION OF HEAT RELEASED 


Equiva- 
lent 
firebox 
evapo- 
ration, 
lb per 


Heat distribution in per cent of 
—————heat released 
-——Absorbed——~ 

‘lues, Lost in 
tubes, —- smokebox 


Heat 
Firing radiated, 
rate, Computed equilibrium 
lb DCF equilibrium temperature, 
per SFG tempera- Btu per hr sq ft super- Sensible Latent 
Series per hr ture, per sq ft per hr Firebox heater heat heat 


| 8 


A 


92 000 
103 000 
120 000 


51 000 
55 000 
70 000 
78 000 
87 000 
87 000 
95 000 
108 000 
106 000 
119 000 
122 000 
33 000 
49 000 
59 500 
95 000 
35 000 
65 000 
93 000 
120 000 


1700 
1900 
2015 
2320 
1715 
2070 
2310 
2485 


"Nore: DCF = dry coal fired. SFG = 


figures with evaporations actually obtained, but they are in line 
with values usually accepted. 

Columns 7, 8, 9, 10 split up heat released into percentages 
representing, respectively, in column 7 the heat radiated to the 
firebox at equilibrium temperature, in column 8 the heat taken 
up by the evaporative and superheater surface of the tube bundle 
in cooling the gases from equilibrium to smokebox temperature, 
in column 9 the heat lost in sensible heat of gases at smokebox 
temperature, and in column 10 the heat lost in latent heat of the 
vapor. Except for high values at the very low firing rates, the 
distribution of the heat shows no great variation with the rate 
of firing and is very similar for the boilers of Series B, C, and D. 
The boiler of Series A with shorter flues shows a slightly lower 
percentage of heat absorbed in the flues. 


FrrReBox EQUILIBRIUM TEMPERATURE 


The “mean equilibrium temperature”’ is defined as the tem- 
perature at which the amount of heat carried by the combustion 
gases, together with the amount radiated to the firebox surface, 
is just equal to the quantity of heat released by combustion. Its 
value in any given case can be found by using Table 4 or Fig. 5, 
provided that the experimental data furnish information as to 
the rate of available heat released in the firebox as well as the 
weight of the gases of combustion. Table 4 covers temperatures 
from 1400 F to 2800 F by steps of 10 deg F and for each tem- 
perature gives the sensible heat carried by the gas as well as the 
rate in Btu per square foot per hour at which radiated heat will 
be taken up by the firebox heating surface. The sensible heat 
in Btu above 32 F carried by 1 |b of gas is derived from the values 
given by Heck (6) for the products of combustion of coal with 
20 per cent excess air. The original data show that the per- 
centage of excess air has little effect on the specific heat of the 
mixed gases of combustion and that the figures of Table 4 are 
satisfactory in practice for any gas composition encountered in 
a coal-burning locomotive. 

The values for radiated heat absorbed by the firebox heating 
surface are derived from the so-called Stefan-Boltzmann fourth- 
power equation 


Hp = 1600 [(7'/1000)* — (¢/1000)*) 


oo 


— 


orto 


= 


wr 


square foot grate area. 


where 
Hp» is heat absorbed by radiation, in Btu per hour per square 

foot of firebox surface 

T is absolute temperature of flame in firebox, 
Rankine 

t is absolute temperature of receiving surface, in degrees 
Rankine. The temperature of the firebox surface is taken 
to be the temperature of the water back of the firebox 
surface. 


in degrees 


Table 4 is computed for a water temperature of 380 F (200 psi) 
and can be used’ for any pressures normally encountered in 


locomotive practice. An increase of temperature to 600 F 
(1600 psi) would reduce the tabular values by 1000 Btu per 
sq ft per hr, which is negligible except for the lowest trans- 
mitting temperatures. 

The Stefan-Boltzmann fourth-power relation is generally 
accepted as representative of radiation heat transfer and the 
factor 1600 has been found to give satisfactory results for the 
conditions encountered in locomotive fireboxes. 

Fig. 5 has been plotted to answer graphically any question as 
to the mean equilibrium temperature for any combination of 
heat available and weight of gas per square foot of heating surface 
per hour. 

In using Table 4 and Fig. 5, computations must be based 
not on total heat released, but on heat available, exclusive of 
the latent heat of the vapor. Usually the value given in the 
experimental data for heat released will be based on the upper 
calorific value of the fuel and will therefore include the heat 
involved in vaporizing the H.O produced by combustion. The 
latent heat of this vapor is not available for radiation and is not 
included in the values for gas-carried heat in Table 4. It must 
therefore be deducted from the heat released to find the “heat 
available.” Each pound of hydrogen burned produces 9 lb of 
vapor which will account for 8730 Btu of latent heat. Conse- 
quently, for each per cent of hydrogen in the fuel, 87.3 Btu must 
be deducted from the total heat released per pound of fuel to 
find the “net available heat’’ to be used in computing the equi- 
librium temperature. 

For example, in test No. 1439 in Series A with 288 lb of gas pro- 
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a 1440 68 1950 53 000 55 38 3 
Mees, 1436 102 2090 67 000 69 32 8 
fe 1437 123 2075 65 000 67 30 5 
poor eee 1439 151 2230 83 000 86 30 8 
Sage 1438 182 2300 95 29 8 
Wea 1444 207 2380 106 30 l 
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519A 122 61 29 
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TABLE 4 RADIATION AND HEAT-CONTENT FACTORS FOR DETERMINING BIREBOX TEMPERATURE WITH COAL FUEL AND A 
RECEIVING SURFACE TEMPERATURE OF 380 F2 


Rad. Heat Rad. Heat Rad. Heat Rad. Heat Rad. Heat Rad. Heat Rad. Heat 
factor cont. factor cont, factor cont. factor cont. factor cont. factor cont. factor cont. 
F 1500 F 1600 F 1700 F 1800 F 1900 F 2000 F P 
OF 18200 363.3 22800 392.5 28000 421.9 34000 451.6 40890 481.5 48800 511.6 57800 541.9 
10F 18700 366.2 23300 395.4 28500 424.9 34700 454.6 41600 484.5 49600 514.6 58700 545.0 
20F 19200 369.1 23800 398.3 29100 427.8 35300 457.5 42400 487.5 50500 517.7 59700 548.0 
30F 19600 372.0 24300 401.3 29700 431.1 36000 460.5 43200 490.5 51400 520.7 60700 551.1 
40F 20000 374.9 24800 404.2 30300 433.7 36700 463.5 44000 493.5 52200 523.7 61700 554.1 
50F 20500 377.8 25300 407.1 30900, 436.7 37300 466.5 44700 496.5 53100 526.7 62700 557 .2 
60F 20900 3 8 25800 410.1 31500 439.7 38000 469.5 45500 499.5 54000 529.8 63700 560.2 
70F 21400 3 7 26300 413.1 32100 442.6 38700 472.5 46300 502.6 54900 532.8 64700 563.3 
80F 21800 386.6 26900 416.0 32700 445.6 39400 475.5 47100 505.6 55900 535.9 65800 566.3 
90F 22300 389.5 27400 418.9 33300 448.6 40200 478.5 47900 508.6 56800 538.9 66800 569.4 
100F 22800 392.5 28000 421.9 34000 451.6 40890 481.5 48800 511.6 57800 541.9 67900 572.5 
2100 F 2200 F 2300 F 2400 F 2500 F 2600 F 2700 F 

OF 67900 572.5 79300 603.2 92000 634.1 106200 665.2 122000 696.3 139500 727.6 158700 759.1 
10F 69000 575.5 80500 606.3 93400 637 .2 107700 668.3 123600 699.4 141300 730.8 160700 762.3 
20F 70100 578.6 81700 609 .3 94700 640.3 109200 671.4 125400 702.6 143200 733.9 162800 765.4 
30F 71200 581.6 83000 612.4 96100 643.4 110800 674.5 127100 705.7 145100 737.1 164900 768.5 
40F 72300 -584.7 84200 615.5 97500 646.5 112300 677.6 128800 708.8 147000 740.2 771.7 
50F 73400 587.8 85500 618.6 98900 649.6 113900 680.7 130500 711.9 148900 743.3 169100 774.9 
60F 74600 590.9 86800 621.7 100400 652.7 115500 683.8 132300 715.1 150800 746.5 171200 778.0 
7OF 75700 593.9 88000 624.8 101800 655.8 117100 687.0 134100 718.2 152700 749.7 173300 781 2 
80F 76900 597.0 89300 627.9 103300 658.9 118700 690.1 135900 721.4 154700 752.8 175500 7 3 
90F 78100 600.1 90700 631.0 104700 662.1 120400 693.2 137700 724.5 156700 755.9 177700 787 .5 
100F 79300 603.2 92000 634.1 106200 665.2 122000 696.3 139500 727.6 158700 759.1 nae 790.7 


bed the temperature of the receiving surface is increased to 600 F, the tabulated figures should be reduced by 1000 Btu. 
P aoe = radiation factor” represents, for each temperature, the rate at which heat measured in Btu per hour is taken up by each square foot of 
rebox surface. 
The “heat-content factor’’ gives the amount of sensible heat carried by each pound of the mixed gases of combustion. Latent heat is not included. 


COR ODO 
pases 
Fie. 5 Equitisrium TEMPERATURE IN RELATION TO HEAT AVAILABLE AND WEIGHT oF Gas 
duced and 271,000 Btu released per sq ft of firebox heating surface = sid ne etitints Btu 
per hr, the latent heat accounts for 13,000 Btu per sq ft per hr, aan ma hag e of ou at 612 Btu per a... , iene 
leaving 258,000 Btu available. Inspection of Fig. 5, followed by "Seale 
check with Table 4, shows that at a temperature of 2230 F the 258000 
heat released per hour per square foot of firebox surface will be 
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On this basis the mean equilibrium temperature is*taken to be 

2230 F. It may be noted that the experimental data and the 

type of computation do not justify an attempt to determine the 

equilibrium temperature to a value closer than the nearest 10 

deg F. 

In test No. 1439 just quoted, the measured firebox tempera- 
tures were 2566 F at the center and 1858 F at the flue sheet. 
On the basis of radiation proportional to the fourth power of the 
absolute temperature, the mean between 2566 F and 1858 F is 
2280 F, which is close to the computed mean equilibrium tem- 
perature of 2230 F. The measured values for the firebox tem- 
peratures are not sufficiently reliable to allow any final conclu- 
sions to be drawn, but it is of interest to note that where the 
measured values seem to be most consistent there is quite close 
agreement between the mean fourth-power absolute temperature 
and the computed equilibrium temperature. This supports the 
view that radiation at the mean equilibrium temperature, as 
given in Table 4, corresponds to the heat actually taken up by 
the firebox. It should be noted that the drop in firebox tem- 
perature between center and flue sheet is not due in any large 
degree to transfer of heat by convection. The hydraulic depth 
of the firebox is too large to provide any effective rate of heat 
transfer. The lower final temperature is due to the lower rate of 
heat release. With a firing rate of 100 lb of dry coal per hr, the 
hourly supply of combustible may be represented by 78 lb of 
earbon, 5 lb of hydrogen, and 248 lb of oxygen. These com- 
bustible elements are diluted by 920 lb, which is 2.8 times their 
weight, of inert nitrogen. As they pass through the firebox they 
combine until when the flue sheet is reached the combustible 
elements may be reduced to 16 lb of carbon and 63 Ib of oxygen, 
diluted by 14 times their weight of inert gas consisting of nitrogen 
and the products of combustion. It is obvious that as these 
final conditions are approached the rate of heat release will be 
much slower than that at the center of the firebox. 


Heat TRANSFER BY CONVECTION IN FLUE BUNDLE 


The heat taken up by the flues from the gases of combustion 
as they pass from firebox to smokebox is found by computing 
the drop in temperature of the gases. The double logarithmic 
formula shown as Equation [2] is used for this purpose. 

This form of equation, by which heat transfer is measured in 
temperature drop and not by the rate of transfer per square foot 
of surface per degree of temperature difference per hour, is due 
to Fessenden (1, 3, 4) who showed that it could be applied to 
represent satisfactorily a variety of experimental data. The 
author has carried the application a step further and shown 
(2, 5) that if the coefficient M were related to the rate of gas 
flow and to the hydraulic depth of the flue by Equations [3], 
{4a}, and [4b], given later in this paper, the formula had a re- 
markably wide range of usefulness. It has been shown to be 


applicable to flues ranging in diameter from 1/2 in. to 4 in. 


and of circular and of annular cross section, with gas tempera- 
tures ranging from room temperature up to 2500 F, and with 
heat transmission either from a hot gas to a cooler liquid sur- 
rounding the flue or to a cooler gas from a hot liquid. As 
the formula covers a broad territory with an accuracy sufficient 
for all practical purposes, it has useful possibilities even if its 
pedigree is not entirely unimpeachable from the standpoint of 
theoretical physics. 

Fessenden pointed out that the real justification of the formula 
rests not so much upon the rationality of its development, as 
upon the manner in which it satisfies the experimental data 
gathered from many different sources. The fundamental as- 
sumption leading to Equation [2] might be stated in a number of 
ways, but the simplest is that the loss of heat from an element of 
gas passing along a tube takes place in accordance with the 
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exponential formula for a damped process. This leads to the 
equation 


where 

dQ is heat lost by element of gas traversing flue length 2. 
Hedrick and Fessenden (1) show that this can be developed into 
the form 


lolog (72/t) = lolog (7/t) —M, 


where 


lolog means “the logarithm of the logarithm of”’ 
T, is absolute equilibrium temperature in degrees Rankine 
T: is absolute smokebox temperature in degrees Rankine 
tis absolute mean effective temperature of receiving surface 
in degrees Rankine 
z is length of flues in feet 
M is coefficient depending only on mean hydraulic depth of 
tube bundle and on rate of gas flow per inch of perimeter 
of receiving surface 


Using data from many sources, the author has found that the 
coefficient VW is linked with the rate of gas flow and with the 
flue dimensions by the equation 


log M = B — m log W/p 
where 


W is total weight of gases of combustion in pounds per hour 
p is total perimeter of receiving surface, including flues, tubes 
and superheater pipes, in inches 


The auxiliary coefficients B and m depend only upon the ratio 
of (p), the gas-swept perimeter of the flue through which the gas 
flows to (a), the free area of this fue. The ratio of perimeter 
to area is of course the reciprocal of the hydraulic depth. It has 
been used as a parameter instead of the hydraulic depth because 
it varies in the same direction as the heat-absorbing value of a 
flue. A high value of the p/a ratio corresponds to a flue with a 
high capacity for heat absorption. 

With values of p in inches and of a in square inches, values of 
the coefficients B and m, corresponding to the various values 
of the ratio p/a, are given in Table 5. These values are derived 
from the equations 


log (B — 1.3) = 9.384 — 0.54 log (p/a) 
log m = 9.583 — 0.37 log (p/a) 


Equation [2] involves t the absolute temperature of the re- 
ceiving surface of the flue. Experience shows that for work with 
locomotive boilers a satisfactory mean value can be obtained by 
adding to the mean value of the steam or water surface of the 
flue a differential which varies with the heat offered per linear 
inch of the gas-swept perimeter of the flue, as shown in Fig. 6. 

In the case of the evaporative surface of the flues, the water 
temperature is that of the saturated steam. In the superheater 
the steam temperature varies from saturated to the final super- 
heat, and for the whole superheater surface an arithmetic mean 
may be taken. When evaporative and superheater surfaces are 
taken together a weighted mean is taken, allowing for the surface 
and temperature of both surfaces. In the present work both 
surfaces have been taken together and only the final smokebox 
temperature has been computed. The earlier paper referred to 
shows that the equations can be applied to the evaporative and 
superheating surfaces separately and a step-by-step computation 
used to find the progressive temperature drop along the flue, and 
to determine separately the respective amounts of heat taken up 
by the evaporative and by the superheating surface. 
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TABLE 5 COEFFICIENTS FOR COMPUTING HEAT TRANSFER 
IN FLUES 


(p/a = perimeter/area; Band m are coefficients) 

p/a 3 m p/a B m p/a B m 
0.50 8.867 0.494 2.00 9.053 0.296 6.20 9.350 0.194 
0.51 8.868 0.491 2.10 9.062 0.291 6.40 9.362 0.192 
0.52 8.870 2.20 9.071 0.286 6.60 9.373 0.190 
0.53 8.872 2.30 9.080 0 281 6.80 9.384 0.188 
0.54 8.874 2.40 9.089 0.277 7.00 9.394 0.186 
0.55 8.876 2.50 9.098 0.273 7.20 9.404 0.184 
0.56 8.878 2.60 9.108 0.269 7.40 9.414 0.183 
0.57 8.580 2.70 9.116 0.265 7.60 9.423 0.181 
0.58 8 SSI 2.80 9.124 0.261 7.80 9.433 0.179 
0.59 8.883 2.90 9.132 0.258 8.00 9.444 0.177 
0.60 8. 884 3.00 9.140 0.255 8.20 9.455 0.176 
0.65 8.892 3.20 9.154 0.249 8.40 9.465 0.174 
0.70 8.900 3.40 9 170 0.242 8.60 9.474 0.172 
0.75 8.908 3.60 9.185 0.237 8.80 9.484 0.170 
0.80 8.915 3.70 9.199 0.233 9.00 9.494 0.169 
0.85 8.922 $.00 9.213 0.229 9.20 9.504 0.168 
0.90 8.929 4.20 9.227 0.225 9.40 9.513 0.166 
1.00 8.942 4.40 9.241 0.221 9.60 9.522 0.165 
1.10 8.955 4.60 9.254 0.217 9.80 9.532 0.164 
1.20 8.968 $1.80 9.266 0.214 19.00 9.542 0.163 
1.30 8.980 5.00 9.278 0.211 10.290 9.550 0.162 
1.40 8.991 5.20 9.290 O 208 10.40 9.557 0.161 
1.50 9.002 5.40 9.303 O 205 10.50 9.553 0.160 
1.60 9.013 5.60 9.315 0.203 

1.70 9.023 5.80 9.329 0.200 

1.80 9.034 6.00 9.338 0.197 

1.90 9.044 

The smokebox temperatures reported in Table 2 have been 


obtained by taking the combined perimeter and area and the mean 
temperature for evaporative and superheating surface, and by 
assuming that the gases entered the flues at the equilibrium 
temperature. Agreement between the computed and the meas- 
ured values meets practical requirements. 

The widest deviation is found in test No. 13 F, Series B, witha 
smokebox temperature of 620 F computed and 693 F measured. 
This represents a difference of 19 Btu of sensible heat per lb of 
gas, and as the gas flow is 374 lb for a heat release of 394,000 Btu 
per hr per sq ft of firebox surface, the difference amounts to 
1.8 per cent of the heat released. This is hardly greater than the 
factor of uncertainty in the measured values. Agreement in the 
three other series of tests is considerably closer so it is felt that 
the proposed method can be used with confidence in predicting 
the gyer-all heat-absorbing capacity of a locomotive boiler. It 
should be noted that in the computation the gases of combustion 
are assumed to leave the firebox and to enter the flues at the 
equilibrium temperature, while in reality the gases at the flue 
sheet are probably from 100 to 200 deg F below the equilibrium 
temperature. The justification for this is that the formula as 
set up gives satisfactory results and that, in estimating the heat 
transfer, the equilibrium temperature can be computed while the 
actual flue-sheet temperature is not known. 
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Fic.6 TemMpeRATURE DIFFERENTIAL FOR LENGTH FLUES 


If a close study of the heat transfer in the flues were to be made, 
it would be desirable to adjust the differential given in Fig. 6, 
so that it would correspond to heat transfer from the exact initial 
flue-gas temperature. This would require an increase of about 
60 per cent in the values of the temperature differential given in 
Fig. 6. 
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The Influence of Tube Shape on Heat-Transter 
Coefficients in Air to Air Heat Exchangers 


By F. H. GREEN! ano L. S. KING,' LOS ANGELES, CALIF. 


Heat-transfer coefficients are reported for air passing 
through round tubes, through partially flattened tubes, 
and through partially flattened tubes which have also been 
dimpled. It was found that flattened tubes maintained 
fully turbulent flow and, consequently, a higher heat- 
transfer coefficient at lower Reynolds number values than 
did round tubes. The addition of dimples to the flattened 
tubes maintained fully turbulent flow from the transition 
point and increased the heat-transfer coefficient substan- 
tially. The addition of the dimples also improved the 
relation between heat transfer and pressure drop in the 
flattened tubes. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = tube internal cross section area, sq ft 
A; = total area of inside surface of tubes in unit, sq ft 
Ao = total area of outside surface of tubes in unit, sq ft 
Dy = hydraulic diameter, ft 
Dy, = outside diameter of tube, ft 

1—& 
E,; = effectiveness on air inside tubes = or 
= 


ts 
Ey) = effectiveness on air outside tubes = 


G = mass velocity, lb/(hr) (sq ft) 

h; = coefficient of heat transfer inside tubes, Btu/(hr)(sq ft) 
(deg F) 

ho = coefficient of heat transfer outside tubes, Btu/(hr) (sq ft) 
(deg F) 

; = enthalpy of steam, Btu per |b 

7; = enthalpy of condensate, Btu per lb 

k = thermal conductivity of fluid, Btu/(hr) (sq ft) (deg F per 


ft) 

L = length of tube or tube section, ft 
hD 

N = Nusselt number = H 
Kave 

Dy 
R = Reynolds number = i 
Mave 


oAP = air pressure drop corrected to standard conditions at 
center of unit, in. H,O 
q = rate of heat transfer, Btu per min 
T = absolute temperature, deg F + 460 
At = temperature change, deg F 
At, = log-mean temperature difference, deg F 
t, = inlet temperature of air inside tubes, deg F 
t: = outlet temperature of air inside tubes, deg F 
ts = inlet temperature of air outside tubes, deg F 
ts = outlet temperature of air outside tubes, deg F 


' Heat Transfer Engineer, AiResearch Manufacturing Company. 
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U over-all heat-transfer coefficient, Btu/(hr)(sq ft) (deg F) 

W, = mass rate of air flow, lb per min 

w, = mass rate of steam flow, lb per min 
u = absolute viscosity, lb/(hr) (ft) 


INTRODUCTION 


Aircraft-engine supercharger intercoolers are designed to re- 
duce the temperature of the air leaving the supercharger before 
it enters the carburetor. These intercoolers use cooling air ob- 
tained from the outside air and forced through the intercooler by 
the ram pressure created by the forward motion of the airplane. 
The first units manufactured by the authors’ company were con- 
structed with round aluminum tubes about !/, in. diam with the 
supercharged air flowing through the tubes while the cooling air 
flowed across the tubes. This type is satisfactory, however, 
only for certain limited types of installations. In order to main- 
tain a sufficient temperature difference between the average cool- 
ing air and the average supercharged air, it is necessary to have 
a fairly high rate of flow of cooling air. The actual amount of 
cooling air required for a given intercooler effectiveness of course 
depends also on the over-all heat-transfer coefficient. How- 
ever, at high air flows, the pressure drop outside the tubes be- 
comes excessive in a round-tube unit. Since the drag imposed 
on the airplane by the intercooler is a function of the product of 
the pressure drop of the cooling air by the amount of cooling air 
required and since the drag which is required for operating the 
intercooler increases substantially at high altitudes, it became 
necessary to develop an improved form of low-drag intercooler 
for modern high-altitude high-speed airplanes. 

The first step in this development was to partially flatten the 
tubes so that their axes would be parallel to the cooling-air-flow 
direction. This permitted a greater flow of cooling air at the 
same pressure drop and reduced the cooling-air drag. Although 
the outside film coefficient was probably reduced in many cases, 
the inside coefficient, which with round tubes had been smaller 
than the outside coefficient, was raised by the decrease in the 
internal cross section of the tube. The net result was an in- 
crease in over-all heat-transfer coefficient for a given horsepower 
without reduction in surface per tube. Also, flattening the tubes 
allowed them to be placed closer together, thus forming a lighter- 
weight and more compact unit. 

In an attempt to reduce still further the cooling-air drag horse- 
power, the flattened tubes were dimpled with small creases about 
1/, in. apart running crosswise on the flattened portion of the 
tubes. At the same time, the outside dimension perpendicular to 
the flattened portion of the tube was increased to avoid increasing 
the pressure drop of the supercharged air inside the tubes too 
greatly by the introduction of the dimples. 

The net result of this dimpling was greater than anticipated. 
In one typical case the cooling-air flow was reduced 30 per cent 
at an increase in pressure drop of only 25 per cent, resulting in a 
net saving of 12.5 per cent in horsepower required. Since the 
reduced cooling-air flow required resulted in a log-mean tempera- 
ture difference only 87 per cent as great as before, it was apparent 
that this change had made a substantial increase in heat-transfer 
coefficient, most of which was estimated to be an increase in 
the coefficient for the air flowing inside the tube, since the air flow 
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Fig. 1 


outside had been reduced. The tests to be described were per- 
formed in an attempt to obtain information which would corre- 
late these results with the usual methods of computing heat- 
transfer coefficients. 


Apparatus UseEp IN TESTS 


The apparatus tested consisted of three tubular-type aircraft- 
engine intercoolers of approximately the same external dimen- 
sions. One unit was constructed with round tubes, one with 
partially flattened tubes, and one with partially flattened and 
dimpled tubes. The flattened and flattened dimpled tubes had 
the same flattening dimension and were placed with a no-flow 
clearance or cooling-air passage which was the same clearance 
as the diagonal clearance used in the round-tube unit. Major 
dimensions of the test units are given in Table 1. A longitudinal 
cross section of a portion of a dimpled tube is shown in Fig. 1. 


TABLE 1 MAJOR DIMENSIONS OF TEST UNITS 
Round Flattened Dimpled 
12 12 12 
Tube outside diameter at headers, in...... 0.247 0.247 0.247 
Dimension per to Gata, 0.1215 0.1215 
Depth of dimple, in. 0.030 


Dimple spacing, in...... 0.5 


Minimum space outside tubes, Rca gene 0.0885 0.0885 0.0885 
Hydraulic diameter inside, ft........ 0.0192 0.0136 0.0105 
Hydraulic diameter outside, ft. . 0.0144 0.0144 0.0144 
Number of active tubes.. etree 567 659 652 
Surface area inside tubes, sq ft. pandek 2 34.3 39.8 39.4 
Surface area outside tubes, sq REE ate 36.7 42.6 42.1 


For the first tests the units were mounted as shown in Figs. 2 
and 8, with air being blown through the tubes while steam con- 
densed around the tubes. The steam was fed at low pressure 
and slightly superheated to provide complete dryness and allow 
determination of its enthalpy from measurements of tempera- 
ture and pressure alone. A small portion of the steam was bled 
off the bell at the bottom of the unit in order to keep a steady 
flow of steam past the tubes and prevent the accumulation of 
water in the lower passages. The condensate ran to a pipe coil 
in which it was subcooled slightly and then passed to the weigh- 
ing bucket. A sight glass was used to keep a constant water 
level in the lower part of the apparatus and thus prevent loss 
of steam. The inlet steam temperature and pressure were meas- 
ured with a mercury-in-glass thermometer and a mercury ma- 
nometer. 

The air inlet temperature was measured with two thermometers 
in the inlet duct just ahead of the unit. The outlet temperature 
was measured with four thermometers in the outlet duct just 
beyond the unit. The outlet air temperature was also measured 
after the air had passed through a baffled mixing box. It was 
found that when the temperature at the outlet of the mixing box 
was corrected for the experimentally determined drop of tem- 
perature in the mixing box, this corrected temperature agreed 
very well with the average of the four outlet thermometers placed 
immediately after the unit. 

Most of the air flows were measured with a flat-plate sharp- 
edged orifice in a duct following the mixing box. The largest 
air flows were computed from the pressure drop across the unit 
under test by extrapolation of the pressure drop versus flow 
curve drawn from the runs where the flow was determined by the 
orifice. The apparatus was thoroughly insulated with glass 
wool at all parts where needed. 
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Setup ror Sream-Arr Test 


For the other series of tests the units were mounted as shown 
in Fig. 4. Hot air was used inside the tubes while room-tempera- 
ture air was passed outside the tubes. Inlet air temperatures 
were measured with one thermometer on the cooling-air side and 
with three thermometers on the hot-air side. Outlet air tem- 
peratures were measured after the air had passed through the mix- 
ing boxes, and the temperatures were corrected for the known loss 
in the boxes. The air flows were measured with orifice plates for 
the lower air flows and were determined from unit pressure drops 
for the higher air flows. Because of the relatively high resistance 
of the unit as compared with that of the duct, a uniform flow 
distribution was obtained in both the cooling air and the hot 
paths, 


EXPERIMENTAL PROCEDURE 


The first series of tests was run to determine the heat-transfer 
coefficient to air passing inside the tubes. Each of the three 
units was treated in the same manner. Air was passed through 
the tubes at a range of velocity to give values of R ranging 
from approximately 1400 to the highest available with the fan 
used as shown in Table 2. Steam was supplied to the unit under 
approximately 2 psig pressure and with approximately 10 deg F 
superheat. The air flow and steam temperature and pressure 
were kept constant within very close limits, and the system was 
allowed to balance thoroughly before readings were taken. 
Readings of all quantities except condensate flow rate were then 
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Fie. 4 Setup ror Atr-Atr TEST 


taken every 2 min for a period of 10 min. At the end of this 
period,the condensate was weighed. Since the condensate level 
was kept constant in the sight glass during the run, it was pos- 
sible to determine from the amount of adjustment necessary in 
the condensate valve whether the condensate rate was constant. 
The heat balances obtained on the higher air-flow points show 
some discrepancies due to the necessity for bleeding steam from 
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the outlet header at these points in order to keep the condensate 
blown off the tubes and to obtain the highest heat transfer to the 
air inside the tubes. The extensive experience of the laboratory 
of the authors’ company in measuring air heat gains and losses 
indicates that the errors involved in these measurements did not 
exceed 3 per cent. For this reason, all computations of heat- 
transfer coefficients have been based on the air-side heat gains. 
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TABLE 2 RANGE OF PRINCIPAL VARIABLES 
-—Round tubes— ‘Flattened tubes Dimpled tubes 
Max Min Max Min Max Min 
Atr-Steam Test—InsivE TuBEs 
wa 117.5 9.65 90.0 9.5 76.5 9.6 
17600 1450 11600 1230 9870 1239 
th 111.4 70.3 113.3 79.5 119.2 71.0 
te 173.8 150.7 193.6 182.3 209.1 196.9 
Atm 93.2 71.7 72.5 58.0 52.1 41.0 
he 39.1 4.61 38.1 6.09 55.1 9.62 
G 42900 3520 40000 4230 44200 5650 
@ 2245 224 1635 264 2320 302 
Arr-Air Test—InsipE TUBES 
wa 97.0 16.2 aK 44.5 10.1 
14550 2430 5740 1305 
th 257.8 240.5 256.7 246.0 
ts 239.1 155.6 205.0 118.2 
Ei 0.486 0.111 0.901 0.253 
Arr-A1r Test—OvrsipEe TuBESs 
wa 39.1 7.4 poet ve 112.0 14.3 
4650 880 ; 9300 1185 
ts 109.1 83.3 103.0 86.0 
ta 243.0 125.9 202.4 124.6 
Eo 0.918 0.206 0.705 0.083 
Atm 93. 44.8 75.5 51.3 
33.0 5.1 35.1 10.1 
ho 62.0 15.5 74.0 10.9 
U 23.3 4.1 21.4 5.8 


To determine heat-transfer coefficients to air outside the tubes, 
the units were operated as intercoolers with hot air inside the 
tubes and cool air outside the tubes. The air flows were varied 
throughout the range of the apparatus as shown in Table 2. 
The flows were maintained until steady conditions were ob- 
served at all points and then all instruments were read as rapidly 
as possible by three observers. This procedure was repeated 
until there were two sets of readings at each point which agreed 
within an effectiveness of 0.01 with each other. At least 30 such 
points were taken on each unit. 


METHOD OF CALCULATION 


In the steam test the enthalpy of the entering steam was de- 
termined from the readings of temperature and pressure by refer- 
ence to the steam tables (1).2 It was assumed that the tube- 
wall temperature would be the same as the condensing tempera- 
ture of the steam. This assumption probably leads to much less 
error than would have been introduced if thermocouples had been 
used to determine tube-wall temperatures in the small thin-wall 
tubes. The enthalpy of the condensate was determined from 


the condensing temperature of the steam and the steam tables. - 


By experiment it was determined that the heat loss through the 
insulation of the unit in the steam tests was approximately 7 
Btu per min, therefore the net heat loss of the steam was deter- 
mined as 


(1] 


Air inlet and outlet temperatures were computed by taking 
the arithmetic average of the respective thermometer readings. 
Air flows were determined from pressure-drop and temperature 
readings at the orifice and were computed from graphs based on 
reference (2). The air-side heat gained was therefore 


[2] 


The over-all heat-transfer coefficient U was determined from 
the inside surface area of the tubes, from the log-mean tempera- 
ture difference based on the condensing temperature of steam 
at the observed pressure and the inlet- and outlet-air tempera- 
tures and from the air-side heat gain as determined from Equa- 


tion [2]. The over-all heat-transfer coefficient was therefore 
60 ¢ 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Since the steam-side coefficient was probably of the order of 
2000 Btu/(hr)(sq ft)(deg F) very slight error was introduced 
by assuming that the air-side coefficient was equal to the over-all 
coefficient. Also this error had the effect of giving slightly lower 
inside coefficient which was desirable for design purposes. A 
plot of the air-side coefficient inside the tubes of the three units 
versus Reynolds number is shown in Fig. 5. A plot of the 
Nusselt number versus Reynolds number for the three units is 
shown in Fig. 6. In computing Reynolds number and Nusselt 
number the hydraulic diameters were based on the minimum 
cross section of the tube, that is, in the dimpled-tube unit the 
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internal cross section was determined under the dimple. The 
hydraulic diameter was then computed as 
4A 
4 
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The mass velocity G was computed from the same minimum 
cross section and the conductivity and viscosity of the air were 
taken as 0.0155 Btu/(hr)(sq ft)(deg F/ft) and 0.047 lb/(hr) (sq 
ft), respectively, at an assumed average temperature of 140 F. 

In the intercooler test the air temperatures and air flows were 
measured in the same manner as in the steam test. The air 
heat gains and losses were also determined in a similar manner 
in order to check the heat balance. The over-all heat-transfer 
coefficient in the intercooler test was determined from the log- 
mean temperature difference corrected for crossflow (4). The 
amount of heat transfer was assumed to be the average of the 
computed heat gained and heat lost. The surface area used 
was the average of the internal and external surfaces. The ex- 
ternal heat-transfer coefficients were then determined from the 
following equation 


These outside coefficients are plotted in Figs. 7 and 8. 


CORRELATION OF Test RESULTS 


Fig. 6, which shows Nusselt number versus Reynolds number 
for flow inside the tubes, indicates that for the round tubes fully 
turbulent flow is not established until the Reynolds number 
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Fig. 7 EXPERIMENTAL HeEaAT-TRANSFER COEFFICIENTS FOR AIR 
Rounp TuBEs, SHOWING ReEsuLtTs WitH Various VALUES 
or REYNOLDS NUMBER INSIDE THE TUBES 


reaches 8000 and that laminar flow appears to continue up to a 
Reynolds number of about 2500. In contrast, it is noted that 
turbulent flow in the flattened tubes starts at approximately 
3500 Reynolds number. The dimpled tubes appear to maintain 
fully turbulent flow from a Reynolds number of 2000. 

The graph shows good correlation between the round tubes 
and flattened tubes tested in both the fully turbulent and fully 
laminar flow regions. This curve lies only slightly below the 
average curve given by McAdams (3). The position of this curve 
seems confirmed by other experiments with very small hydraulic 
diameters (5). 

Both the dimpled-tube curve and the common curve for round 
and flattened tubes have approximately the same slope in the 
fully turbulent-flow regions, namely, 0.82. 
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It will be noted that the curve for dimpled tubes lies 26 per 
cent above the curve for flattened tubes. A suggested explana- 
tion of this is as follows: 

Schack (6) states that the heat-transfer coefficient should vary 
with the length of the pipe, the exponent expressing this varia- 
tion being —0.05. A recalculation of his figures shows that this 
exponent should have been stated as —0.07. Now, a dimpled 
tube might be considered as consisting of a series of short tubes 
with a new one starting at each dimple. Since, in the unit 
tested there are 21 dimples per tube, therefore 22 short tubes are 
represented. The Nusselt number for the dimpled-tube unit 
was found to be 26 per cent higher than for nondimpled tubes, 
thus 


where n is the exponent expressing the effect of tube length. 
Solving, n equals —0.07 which ghecks with the recalculation 
of Schack’s result. Thus a logical justification may be estab- 
lished for use of the minimum cross-sectional area in determina- 
tion of hydraulic diameter and mass velocity in dimpled tubes. 

Fig. 5 shows the film coefficient inside the tubes for all three 
units. In drawing Fig. 6, the lines in Fig. 5 which pass through 
the points marked by triangles were used to determine the Nusselt 
number. The method of obtaining these points is explained as 
follows: 

Fig. 7 shows the heat-transfer coefficients outside of round 
tubes. In this plot Reynolds number has been based on the 
hydraulic diameter of the diagonal passes between the tubes 
instead of on the tube diameter, in order to provide a more 
direct comparison with the results of the tests on the dimpled- 
tube unit in which the Reynolds number is also based on the 
passage available. It may be noted that the points plotted for a 
value of R of 3900 inside the tubes fall consistently below the 
average of all the other test points. It was therefore assumed 
that the steam-test points at values of R of 3450 and 4300 inside 
the tubes were in error since these were based on two runs, 
whereas the intercooler result is based on ten runs. By 
assuming outside coefficients at each of the cooling-air flows as 
read from the average line in Fig. 7, the inside coefficients were 
recalculated and averaged, and this average was plotted as the 
intercooler test point at a value of R of 3900 shown in Fig. 5. 
The same procedure was used in obtaining the intercooler test 
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point for the dimpled-tube unit shown at a value of R of 1300 in 
Fig. 5. 

For heat-transfer coefficients outside round tubes, Fig. 7, 
extrapolation of Grimison’s (7) values gives the following esti- 
mated equation for a no-flow spacing of 2.4 Dp and a cooling-air 
spacing of 0.6 Dy as used in the test unit 


h 0.296 k 


The test results in Fig. 7 average 27 per cent above the values 
given by Equation [7] in the region where R is greater than 2000. 

Fig. 8 shows heat-transfer coefficients versus Reynolds number 
for air outside the dimpled-tube unit. In this case the arrange- 
ment of the dimpled tubes is such that an approximately straight 
passage of rectangular cross section is provided for air outside 
the tubes. The hydraulic diameter of this passage was deter- 
mined from Equation [4]. It will be noted that the slope of the 
line in the turbulent-flow region is approximately 0.8 as com- 
pared to a slope of approximately 0.6 with the round-tube unit. 
This would seem to indicate that with this type of construction 
heat-transfer coefficients outside the tubes should be computed 
on the same basis as for flow inside the tubes. 

There is seen to be a rather large spread of points in the higher 
values of R in Fig. 8. However, this spread does not indicate 
a very large experimental error. If heat-transfer coefficients 
outside the tubes are read from the curve in Fig. 8, and heat- 
transfer coefficients inside the tubes are read from Fig. 5, and the 
over-all coefficient U is computed for each of the test points, it is 
found that the computed U has an average variation of +5 per 
cent from the values of U obtained in the intercooler test. It is 
probable that these coefficients for air outside dimpled tubes are 
too high and it is hoped that further work can be done on this 
subject. 

Fig. 9 shows heat-transfer coefficients inside the tubes plotted 
against the air pressure drop corrected to a standard density of 
0.07651 pef at the center of the unit. This air pressure drop is 
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Fic. 9 COMPARISON OF EXPERIMENTAL HEAT-TRANSFER COEFFI- 
CIENTS AND PRESSURE Drop For AiR INSIDE TUBES 


the over-all pressure drop as measured by static fittings located on 
the sides of the ducts 4 in. upstream and 4 in. downstream of the 
test unit, as shown in Fig. 3. 


CONCLUSIONS 


1 The transition from laminar to turbulent flow extends over 
the range R = 2000 to R = 8000 for small round tubes. If the 


tubes are flattened the transition region extends only from R = 
2000 to R = 3500 while if the flattened tubes are dimpled the 
transition takes place at R = 2000. 

2 For any given Reynolds number, flattening a round tube 
increases the heat-transfer coefficient substantially, while dim- 
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TABLE 4 FLATTENED TUBE AIR-STEAM TEST DATA 


Run number 1 2 3 4 5 6 7 8 9 10 11 12 13 
STEAM 
Inlet temperature, (avg) deg F.................. 228.7 228.7 228.3 229.2 228.1 229.1 228.4 228.7 227.7 228.0 226.9 226.9 226.4 
x 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 
Condensing temperature, deg F.................. 218.1 218.1 218.1 218.1 218.1 218.1 218.1 218.1 218.1 218.1 218.1 218.1 218.1 
1161 1161 1161 1161 1161 1161 1161 1161 1161 1161 1160 1160 1160 
Enthalpy condensate, Btu per lb................. 186 186 186 186 186 186 186 186 186 186 186 186 186 
Enthalpy change, Btu per lb..................... 975 975 975 975 975 975 975 975 975 975 974 974 974 
Condensate flow, lb per min...................-. 0.285 0.328 0.369 0.438 0.495 0.516 0.562 0.678 0.788 0.873 1.068 1.438 1.581 
Heat loss of steam, Btu per min.................. 278 320 360 427 482 503 548 660 768 851 1029 1400 §=1540 
Insulation loss, Btu per min..................4-- 7 7 ri 7 7 7 7 z 7 7 7 7 7 
Net heat loss of steam, Btu per min.............: 271 313 353 420 475 496 541 653 761 844 1022 1393 1533 
AIR 
Outlet temperature, (avg) deg F................. 193.6 188.2 184.2 182.3 187.6 190.7 191.7 186.8 187.6 190.3 188.0 182.5 184.1 
Inlet temperature, (avg) deg F................... 79.5 81.3 84.9 89.8 95.6 101.5 106.5 92.0 100.0 113.3 109.5 99.7 109.7 
D2 ee ree 114.1 106.9 99.3 92.5 92.0 89.2 85.2 94.8 87.6 77.0 78.5 82.8 74.4 
Air 9.6 12.0 14.6 18.7 21.5 23.1 26.2 28.1 35.5 45.0 55.2 72.4 90.0 
Air Rent gaim, Btw per MiB... 264 313 353 422 482 503 524 650 760 845 1057 1462 1635 
ee Se ae eee 2.6 0.0 0.0 0.5 1.5 1.4 3.2 0.5 0.1 0.1 3.3 4.7 6.2 
Air pressure drop, ¢ AP, in. H:0.................. 0.40 0.52 0.68 0.96 1.20 1.36 1.67. 1.92 2.78 4.10 5.64 8.70 12.3 
Log-mean temperature difference, deg F.......... 65.9 70.3 72.5 72.3 66.1 61.6 59.1 68.0 64.5 58.0 61.2 68.8 64.1 
Over-all coefficient, Btu/hr(sq ft)(deg F).......... 6.038 6.70 7.33 8.79 11.0 12.3 13.3 14.4 7.7 21.9 25.9 32.0 38.3 
Nusselt number, dimensionless................... 5.29 5.88 6.43 7.71 9.63 10.8 43.7 12.6 15.6 19.2 22.7 28.1 33.6 
Reynolds number, dimensionless................. 1230 1550 1880 2420 2780 2980 3380 3620 4580 5800 7130 9340 11600 
TABLE 5 DIMPLED TUBE AIR-STEAM TEST DATA 
Run number 1 2 3 4 5 6 7 s 9 10 ll 12 13 
STEAM 

Inlet temperature, (avg) deg F.............. 0000 226.5 226.8 226.4 227.2 226.9 226.3 226.0 229.9 225.7 229.2 229.3 228.8 227.2 
Pressure, psia............ Cee ee 16.6 16.6 16.6 16.6 166 16.6 16.6 16.8 16.6 16.7 16.7 16.7 16.6 
Condensing temperature, deg F.............0.60+ 218.1 218.1 218.1 218.1 218.1 218.1 218.1 218.8 218.1 218.6 218.6 218.6 218.1 
1160 1160 1160 1161 1160 1160 1160 1161 1160 1161 1161 1161 1161 
Enthalpy condensate, Btu per lb................. 187 186 186 186 186 186 186 187 186 187 186 187 186 
Enthalpy change, Btu per lb................00- 973 974 974 975 974 974 974 974 974 974 975 974 975 
Condensate flow, lb per min..................00- 0.317 0.380 0.473 0.520 0.588 0.747 0.836 1.36 0.964 1.69 1.65 2.20 2.20 
Heat loss of steam, Btu per min...............00- 309 370 460 507 572 728 813 = 1323 938 1645 1610 2142 2144 
Insulation loss, Btu per min................0e085 7 7 7 7 7 7 7 7 7 

Net heat loss of steam, Btu per min.............. 302 363 453 500 565 720 806 1316 931 1638 1603 2135 2137 

AIR 

Outlet temperature, (avg) deg F..............-.. 208.6 208.9 209.1 208.8 208.6 207.1 206.5 202.5 205.7 199.9 200.3 196.9 197.4 
Inlet temperature, (avg) deg F.............2.0005 79.7 82.5 87. 96.3 108.0 99.8 113.0 71.0 119.1 71.4 74.3 73.1 73.2 
Temperature rise, deg F............ vee ecatatres 128.9 126.4 121.4 112.5 100.6 107.3 93.5 131.5 °86.6 128.5 126.0 123.8 124.2 
9.6 11.7 14.9 18.5 22.8 27.3 35.1 43.1 44.2 55.2 655.2 76.2 76.5 
DOES POF MIN. 302 361 442 508 559 716 800 1382 935 1730 1697 2297 2320 
Discrepancy, 0.0 0.8 2.5 1.6 1.1 0.7 0.8 4.8 0.4 5.3 5.5 7.0 8.0 
Air pressure drop, oa AP, in. Hi:0................. 0.67 0.95 1.40 1.99 2.82 3.97 5.89 8.25 8.62 12.5 12.5 21.4 21.3 
Log-mean temperature difference, deg F.......... 48.2 47.0 45.4 43.7 41.0 45.1 42.4 59.6 41.7 62.2 61.0 64.7 63.9 
Over-all coefficient, Btu/hr(sq ft)(deg F)......... 9.41 11.6 14.7 17.5 20.5 23.9 28.4 35.3 33.7 42.3 42.4 54.0 55.3 
Nusselt number, dimensionless..................- 6.38 7.83 9.96 11.9 13.9 16.2 19.3 23.9 22.8 28.5 28.5 36.8 37.4 
Reynolds number, dimensionless................- 1240 1510 1920 2380 2940 3520 4530 5560 5700 7120 7120 9830 9870 


Fie. 11 Large Arrcrarr INTERcOOLER WitH Dimptep TuBES 


weight flows of air, since the Reynolds number for a tube of 
given perimeter at a given weight flow is not varied by flattening 
the tube or by dimpling it. 

3 For the same air-pressure drop, dimpled tubes have the 
same or higher heat-transfer coefficient than round tubes, while 
pling the flattened tube increases the heat-transfer coefficient plain flattened tubes have a lower heat-transfer coefficient, except 
to an even higher value. This statement also applies to equal at very low air-pressure drops. 


Fie. 10 Test Unit With TuBEs 
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4 The use of dimpled tubes in intercoolers permits a reduction 
in the amount of cooling air required and therefore leads to a 
lower drag on the airplane. 
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Heat Transfer From a Cylindrical Surface to 


Air in Parallel Flow With and Without 
Unheated Starting Sections 


By MAX JAKOB? anv W. 


The present investigation sponsored by the Illinois 
Institute of Technology, Armour Research Foundation, 
and Institute of Gas Technology, deals with the heat 
transfer of air in parallel flow to a surface, a process of 
great practical importance which, for instance, occurs 
with all kinds of fins or on the skin of an airplane in flight. 
Previous knowledge of that process was based on a few 
sets of experiments which were performed with plane sur- 
faces and led to a considerably higher heat transfer than a 
reliable theory, due to H. Latzko. In particular, the in- 
fluence of nonheated starting sections seemed to require a 
new investigation. Compared with the use of plane plates 
by previous investigators, the use of an electrically heated 
cylindrical specimen has the following advantages: A 
cylinder can be easily placed in the center of an air jet and 
is free of the edge losses of a plate; for both reasons, air 
jets of moderate diameter can be used. Uniform heating 
is easier to provide, heat losses to the back are easier to 
control, and noses of different shape and cylindrical start- 
ing sections can readily be used for studying the behavior 
of the so-called boundary layer of the fluid which is de- 
veloping along the surface, first streamlined and then 
turbulent, and in which all resistance against heat trans- 
fer is concentrated. The experiments were performed with 
specimens of 1.3 in. diam and 9 to 20 in. total length, the 
ratio of the heated length to the total length being varied 
from 40 to 90 per cent. Spherical, ellipsoidal, and conical 
nosepieces were used. The air velocity was varied from 
10 to 150 fps and it is assumed that the results can be theo- 
retically extrapolated above sound velocity, using the 
principle of similarity. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = area of heating surface, sq ft 
b = thickness of boundary layer, ft 
C, Co, Ci, C2, Cs are constant factors 
cp = specific heat at constant pressure of air, Blba~' F~! 
F = N/M = correction factor 


1 Based partly on a thesis submitted by W. M. Dow to the Gradu- 
ate School, Illinois Institute of Technology, in partial fulfillment of 
the requirement for the degree of Master of Science, for studies com- 
pleted in the Institute of Gas Technology. 

? Research Professor of Mechanical Engineering, Illinois Institute 
of Technology; Consultant in Heat Research, Armour Research 
Foundation, Chicago, Ill. Mem. A.S.M.E. 

’ Fellow of the Institute of Gas Technology, Chicago, Ill., now 
Ensign, U.S. Navy. 

Contributed by the Heat Transfer Division and presented at a 
meeting of the Chicago Section, Chicago, Ill., June 17-19, 1945, of 
Tue AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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H = velocity head in feet of air, ft 
H,, = velocity head, in. of water 
h = coefficient of heat transfer by convection (mean 
taken over heating length, Lu,) B ft~? 
h, = local coefficient of heat transfer by convection at 
distance z from leading edge, B hr~? ft~? F~! 
him = meanofh,,takenfromz=z2,toz = 
J = mechanical equivalent of heat, ft lb/B 
k = thermal conductivity of air, B hr! ft~! F-! 
Ls. = hydrodynamic starting length, ft 
Ixn = thermal or heating length, ft 
Liot = total length, ft 
M, N are integrals, defined in text, sq ft/see 
m and n are constant exponents 


Nwu = Pog = Nusselt number (total mean) 
(Nwa)max = Nusselt number, corresponding to qmax 
(Nwu)min = Nusselt number, corresponding to gmia 
(Nwa)o = Nusselt number for Lst/Ltot = 0 
h, 
(Nu); = = local Nusselt number 
r hz. mo 
(NNu)sm = aaa mean Nusselt number for distance z from 
leading edge 
h(Liot — 2) 
k 
= = Prandtl number 
valrot 
Nre = = Reynolds number with Lio as character- 
v 
istic length 
(Nre)cr = critigal Reynolds number 
(Nre)z = ~ Reynolds number with z as characteristic 
v 
length 
— 2) 
4V Re 
= = 


v 
q = rate of heat flow, B/hr 
q’ = rate of heat transferred by convection over length 
xz — 2, and unit width, B/hr 
q- = rate of heat transferred by convection from cylin- 
drical surface, B/hr 
q; = rate of heat input, B/hr 
q; = sum of heat losses, B/hr 
Qmax = rate of heat transferred for certain values of Lios 
and Lut, B/ hr 
Qmin = rate of heat transferred for the same Dror, but La = 
0, 
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g, = rate of heat transferred by convection from plane 
surface, B/hr 
r = radius of cylinder, ft 
t = air temperature at distance y from surface, °F 
t, = temperature of bulk of air stream, °F 
ty = (t, + t,)/2 = film temperature, °F 
t; = t, + 6; = impressed temperature of unheated sur- 
face, °F 
t, = average surface temperature, °F 
v = air velocity at distance y from surface, ft/sec 
v, = velocity of bulk of fluid (air), ft/sec 
v, = air velocity at distance b from surface, ft/sec 
W = width of flat surface, ft 
x = distance from leading edge, general, ft 
2% = distance from leading edge, defined by Fig. 1, ft 
a = Ls (see this symbol), ft 


er = distance from leading edge where critical Reynolds 
number occurs, ft 
= %, ft 
y = perpendicular distance from surface, ft 
6 = t—t, = temperature excess at distance y from 


surface, F 
6.4 = temperature increment by frictionless adiabatic 
stopping of flow, F 
6, = temperature increment by adiabatic stopping of 
flow, including effect of friction, F 


6, = t, —t, = temperature difference between heating 
surface and bulk of air stream, F 
vy = kinematic viscosity of fluid (air) at bulk tempera- 


ture t,, sq ft/sec 
vy = kinematic viscosity of air at film temperature &, 
sq ft/hr 
p = density of air, lbm/cu ft 
¢g(Ner) = function of Npr 


INTRODUCTION 


While the heat transfer between a cylindrical surface and a 
fluid has been abundantly studied for the flow in a tube and 
across a cylinder, no experiments seem to have been done for the 
parallel flow on the surface of a cylinder on the outside of a tube, 
and only a few sets of experiments have been performed concern- 
ing the free stream parallel to a plane heating surface. As a con- 
sequence, the numerous correlations of heat transfer for flow 
inside of tubes and channels and across cylinders have a much 
better foundation than the few correlations known for the flow 
parallel to a heating or cooling surface when the fluid is not 
bounded by the walls of a tube or channel. : 

The present experimental investigation was undertaken to 
secure and correlate data of heat transfer for this sort of flow, 
including transition-state conditions and the influence of hydro- 
dynamic starting sections. 

Referring to Fig. 1, it may be remembered that at the leading 
edge the fluid is suddenly caused to adhere to the solid surface. 
As a result a thin layer is formed in which the viscosity forces 
of the fluid bring about a change of velocity. As the stream 
moves over the surface, the retarding effect of the viscosity forces 
gradually penetrates deeper and deeper into the surrounding 
fluid so that the boundary layer increases in thickness. For 
some distance the flow in that layer is laminar; in a transition 
range it gradually becomes turbulent; in the turbulent stage, 
finally, the thickness of the layer increases more rapidly than it 
did in the laminar range. Within the boundary layer, however, 
still a very thin laminar film exists next the surface, being a 
permanent feature of any fully established flow. 

The boundary layer of a free stream parallel to a surface can 
be characterized by a dimensionless Reynolds number 2v,/», 
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Fie. 1 Bounpary-LAYER DEVELOPMENT ALONG A Fiat PLats 


where z is the distance from the leading edge (rx = 0 in Fig. 1), 
v, is the unaltered velocity, and v is the kinematic viscosity of the 
fluid. [The transition from laminar to turbulent flow is not sharp; 
it depends on original disturbances in the turbulent stream 
ahead of the surface, the shape of the leading edge, and the 
roughness of the surface. Critical Reynolds numbers, deter- 
mining the place, z = er, where laminar flow ceases in the layer, 
have been measured from 100,000 to 500,000, depending on 
the starting conditions, 300,000 being the ordinary value accord- 
ing to van der Hegge Zijnen (1)* and Hansen (2). With blunt 
leading edges, however, turbulent boundary layers have been 
obtained straight from the start (3),52 = 0. 

Due to the well-known analogy between momentum transfer 
and heat transfer, the mode of heat transmission depends on 
whether the flow in the boundary layer is laminar or turbulent. 
A difference in the coefficient of heat transfer by convection can 
also be expected if heating does not begin at the leading edge, 
but is preceded by a hydrodynamic starting length. Whereas the 
development of the boundary layer and its effect on heat transfer 
will not necessarily be the same for cylindrical and plane sur- 
faces, the difference will be considerable only if the radius of the 
surface curvature is relatively small (4).¢ 

Considering the described*features of flow and heat transfer 
along a surface, the objectives of the investigation are as follows: 


1 To determine the heat transfer between a cylindrical sur- 
face and air in parallel flow, laminar or turbulent, under condi- 
tions where only a small influence of the surface curvature is to be 
expected. 

2 To determine the effect of different hydrodynamic starting 
lengths on the heat-transfer coefficient. 

3 To compare the results with theoretical and experimental 
results for plane surfaces reported in the literature. 


Compared with the use of plane plates by previous investiga- 


4 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 

5 Loc. cit., p. 139. 

6 Loc. cit., p. 249. 
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tors the use of a cylindrical specimen has the following ad- 
vantages: 


1 A cylinder can be easily placed in the center of an air jet 
without disturbing the uniform velocity field ahead of the 
apparatus, 

2 With a plane plate, heat losses to the side have to be con- 
sidered, and for this reason the plate must be rather wide. Such 
losses do not exist in a cylinder and therefore its diameter can 
be relatively small so that an air jet of moderate diameter can be 
used. 

3 Uniform heating is easier to provide and losses to the back- 
side of the heater are smaller and easier to control than with plane 
plates. 

4 A cylindrical specimen is particularly convenient for study- 
ing the influence of the hydrodynamic starting length. 


With these objectives and advantages in mind a cylindrical 
specimen was designed with an electric heating coil inside and 
thermocouples just below the outer surface to insure accurate 
temperature medsurements without interference with the air 
stream. Wooden nosepieces of different shape and length served 
to close the upstream end of the specimen and to vary the 
hydrodynamic starting conditions. 

In the experiments air was pressed through a channel by a 
blower and discharged by a nozzle into the room and against the 
nose of the specimen which was placed in the air stream with its 
axis parallel to the flow lines. Under these conditions the main 
air-stream velocity was measured with a Pitot tube; the heat 
input to the specimen was determined from the wattage of the 
heating coil by electric instruments; and the temperatures of 
the main air stream and the specimen surface were measured by 
thermocouples. These are the data necessary for calculating the 
coefficient of heat transfer by convection. Experimental runs 
were made at various velocities and under different hydrodynamic 
starting conditions. The results were correlated in graphs and 
formulas, discussed and compared with those of previous investi- 
gators. 


DESCRIPTION OF APPARATUS 


For the time being the experiments had to be restricted to one 
heating cylinder. In order that the results might be applicable 
to the case of a plane surface with reasonable approximation, a 
diameter of 1.3 in. seemed to be appropriate, considering the 
range of Reynolds numbers which could be covered by the ex- 
perimental arrangement. 
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Fic. 2 Generat ARRANGEMENT OF APPARATUS 


Fig. 2 is a self-explanatory sketch of the general setup of the 
apparatus. The nozzle indicated in this sketch had a square 
throat, 10 in. X 10 in. Details of the specimen with supporting 
assembly are given in Figs. 3 and 4. The main parts are a copper 
tube 8 in. long, 1.300 in. OD, 0.950 in. ID, and a stainless-steel 
tube 0.840 in. OD, 0.622 in. ID, on which nichrome wire, B and S 
gage No. 24 B (0.0201 in. diam) was wound. This heating coil 
was insulated by glass cloth and placed inside the copper tube. 

Extreme care was taken to insure a smooth and continuous 
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surface junction between the wooden nosepiece and the copper 
tube, as irregularities at this point would greatly influence the 
character of the boundary layer. The surface junctions were 
made with paper rings inserted in grooves as shown in Figs. 3 and 
4. Melted paraffin was then painted on the junction and care- 
fully scraped flush with the surface of the copper tube and the 
wooden nosepiece. A Pitot tube constructed according to 
Prandtl’s design (5),? in connection with an inclined manometer, 
was provided for the velocity-head measurements. 

All thermocouples used in the investigation were made of cop- 
per and constantan, B & S gage No. 28 (0.0126 in. diam). The 
cold junctions were placed in melting ice at 32 deg F. By means 
of a mercury-contact selector switch, each thermocouple could be 
connected to a Leeds and Northrup portable precision potentiome- 
eter which allowed readings of 0.001 mv. 

One thermocouple served to the measurement of the air-flow 
temperature. It was inserted into a '/s-in-diam copper tube which 
was placed parallel to the air flow for a distance of 2 in. and was 
sealed at the upstream end. 
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In order to avoid disturbances on the surface, the eight thermo- 
couples serving for the measurement of the surface tempera- 
ture were placed in, and brought out axially through four slots of 
square cross section (0.080 in. side length) in the wall of the heat- 
ing tube as shown in Fig. 3. The thermocouples fitted snugly in 
the axial slots but were removable for ease of calibration and 
manipulation. Locations of the hot joints of the thermocouples 
are shown in Fig. 5. 

Thermocouples for secondary temperature measurements were 
placed in the wooden nosepieces, Fig. 6, and on the rear part of 
the heating-coil tube, Fig. 7. Each of the latter thermocouples 
was wrapped around the tube once so that the wires were in an 


7 Loe. cit., p. 170. 
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isothermal zone for about 1 in. from the joint. The purpose of 
these thermocouples will be explained in the following section. 

A hemispherical nosepiece of 0.65 in. diam is shown in Fig. 3. 
The six different starting pieces used in the experiments are de- 
scribed in Table 1. 


TABLE 1 STARTING PIECES 


Specification 
Cylinder with hemispherical nose... 
Cylinder with hemispherical nose... 
Cylinder with hemispherical nose... 
Conical piece (4 in. long) 
Ellipsoidal nose 
Hemispherical nose 


Lst/ Ltot 


In this table Zst is the hydrodynamic starting length of the 
specimen, defined as the ratio of the surface area of the starting 
piece to the perimeter of the heating cylinder. The total length, 
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Lwot, is defined as the sum of the starting length Ls, and the 
thermal or heating length Zin, of 8 in.’ 


Test PROCEDURES 


The velocities were measured by the Pitot tube, using the 
equation 


v, = = 18.275 WH /p 
where 


= velocity, ft/see 
velocity head as used in test, ft of air 
velocity head, in. of water 

= density of air, lbm/cu ft 


H,, was read directly on the inclined manometer. 

Preliminary velocity traverses through the air jet, conducted in 
horizontal and vertical direction, revealed that for a distance of 
2 ft downstream from the nozzle, the air velocity varied less than 
1 per cent within an 8-in. core. Therefore, in the main experi- 
ments the velocity of the air stream was determined at one point 
only, midway between the ends of the heating coil and 2 in. from 
the surface of the specimen. 

The electromotive force of the thermocouples was checked at 
the water boiling point. The indications of the couples, when 
placed in saturated steam, were compared with the values of 
Keenan and Keyes’s steam tables (6). The deviations from the 
manufacturer’s calibration table were less than 0.1 F at 212°F.* 

As the velocity of the air, also its temperature, were always 
taken at a point midway between the ends of, and 2 in. from the 
heating surface. No correction was applied for the influence of 
velocity on temperature measurement, which may have reached 
0.7 F at the highest velocities, corresponding to about 1 per cent 
in the measured coefficient of heat transfer. 

The measurement of the temperature of the exposed surface is 
a delicate operation in any heat-transfer experiment. The 
thermocouple wires in the axial slots below the surface parted 
from the junctions virtually along isothermal lines, the maximum 
variation of the surface temperature in axial direction being 
generally below and only exceptionally slightly above 1 F/in. 
Therefore the junctions were not sensibly affected by conduc- 
tion in the axial direction. On the other hand, the influence of 
the slots in the copper wall on the cross-sectional temperature 
field had to be studied. Obviously, the length of the heat-flow 
path near the slots was increased and the distribution of the 
surface temperature around the tube was not uniform any more. 
In order to find the surface temperatures from the indications of 
the thermocouples in the slots, the temperature field in a cross 
section of the copper tube was determined by Lehmann’s 
graphical method (7). Fig. 8 shows the temperature field in 
the tube wall for the most drastic conditions encountered in the 
experimental work. The maximum possible deviation of the 
thermocouple indication from the undisturbed surface tempera- 
ture was less than 0.1 F and consequently the thermocouple 
readings were taken as the surface temperatures. 

The heat input was determined by electric-resistance and cur- 
rent measurements. Direct current was used in the heating coil. 
Its resistance was measured by a Wheatstone bridge, the slight 
increase of the resistance of the nichrome wire with temperature 
being taken from Knowlton’s handbook (8). A millivoltmeter 


8 The slight difference between the sixth ratio given in Table 1, 
and Lst/Ltot, a8 calculated from the lengths given in Fig. 3, is due to 
some details in design not indicated in the figure. 

® In order to distinguish temperature differences from temperatures 
the unit symbols F and °F, respectively, are employed in this paper. 
A similar procedure is recommended when the centigrade tempera- 
ture scale or an absolute temperature scale is used. 

10 Loc. cit., p. 187. 
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with shunt served to determine the heating current. Voltmeter 
readings were also taken for each run as a check. 

Any portions of the heat input which are not given up from 
the heating surface to the flowing air by convection will be called 
heat losses. They might be due to the following: 


(a) Radiation from the heating surface of the specimen to 
the room. 

(b) Conduction and convection from the paper rings at both 
ends of the specimen. 

(c) Conduction through the wooden nosepiece. 

(d) Conduction through the downstream end of the heating- 
coil tube. 

(e) Conduction and convection through the air space at the 
downstream end of the specimen, 


Loss (a) was calculated by Kirchhoff’s and Stefan-Boltzmann’s 
laws. Loss (b) was found, considering the paper rings as straight 
sheets protruding from a copper base at known temperature and 
exposed to the same air flow and at the same coefficient of heat 
transfer as the heating surface of the specimen. The calculation 
of the heat loss (c) was reduced to the problem of radial heat con- 
duction in a hollow hemisphere with the inner surface area equal 
to the cross-sectional areas of the wooden prongs holding the 
nosepiece in the heating-coil tube. The inner temperature was 
measured for several representative runs by means of the thermo- 
couples indicated in Fig. 6. 

The heat loss (d) down the heating-coil tube was calculated 
from the temperature gradient, measured by the three thermo- 
couples, shown in Fig. 7, the cross-sectional area of that tube and 
the thermal conductivity of the stainless steel. From the de- 
crease of the temperature gradient the loss (e) was found. 

The four losses, (a), (b), (c), and (e) together were less than 
1.5 per cent of the total heat input. They were calculated for 
several representative runs throughout the entire velocity range 
of the experiments, and an average correction of 1.4 per cent 
was applied to each run. 

The heat loss (d) was the only one of some weight. It amounted 
from 1.4.to 5.3 per cent of the heat input and had to be deter- 
mined individually for each run. 

Denoting the area of the heating surface by A, the rate of heat 
input by q,;, and the sum of the heat losses by q;, the average sur- 
face temperature by ¢,, and the temperature of the bulk of the 
air stream by ¢,, the coefficient of heat transfer by convection is 
found from the equation 


EXPERIMENTAL RESULTS 
The experimental results are represented in Figs. 9 to 13, in- 
clusive. They comprise 92 experiments under seven different 
starting conditions. Six of these were obtained by using the 
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different starting pieces described in Table 1, and the seventh 
occurred when no particular care was taken to insure a continuous 
surface in gluing the paper ring in place. Sixteen runs were taken 
with this somewhat rough junction and twelve when the junction 
had been carefully smoothed with wax. 

The range of the experiments is shown in Table 2. 


TABLE 2 RANGE OF EXPERIMENTS 
Item Symbol Units Minimum Maximum 

Lengths ratio... Lst/ Ltot 0.101 0.606 
Air velocity........ ee va t/sec 9.8 148.0 
Air temperature.............. & °F 43.0 83.5 
Reynolds number.......... NRe 45300 1450000 
Heat input..... B/hr 42.9 362.0 
Heat losses... td B/hr 2.0 9.0 
Heat transferred by convection ge B/hr 39.5 353.5 
Surface temperature.......... ts °F 110.8 146.9 
Temperature difference........ ts—ta F 55.8 86.6 
Coefficient of heat transfer by 

Bhr-ft 7 2.55 26.2 
Nusselt number.............. NNu 126 2660 
Nusselt number for Lst/Ltot = 0 (VNu)o 146 2420 


For each run the Reynolds number, Vre, and Nusselt number, 
Nwu, were calculated from the following equations of definition 


vaLto 
Vv 
and 
hLiot 
= [4] 


where v is the kinematic viscosity and k the thermal conductivity 
of the air. 

Since the characteristics of the boundary layer at any point 
depend on the total length from the start of hydrodynamic 
action to the point under consideration, the two dimensionless 
groups were formed with Lice and not Lin as characteristic length. 
The former has been previously defined as Ltoe = Lst + Lin. The 
definition of the starting length L.: is based on the fiction that 
every surface element of the starting piece was placed on a 
cylindrical surface having the radius of the heating cylinder. 
This is correct for the cylindrical sections of the starting pieces, 
but somewhat arbitrary, though reasonable for the nose portions. 
It can be assumed that Zs: is a fair equivalent of the starting 
length of a plane surface. 

Also the choice of temperatures at which » in Equation [3] 
and k in Equation [4] should be taken is rather arbitrary. How- 
ever, it is of secondary importance only because the temperature 
differences used were not too high (see Table 2). Since the Reyn- 
olds number is influenced by no other temperature but tf, in the 
starting section and partly by the same in the heating section, the 
kinematic viscosity v was taken at this temperature. The ther- 
mal conductivity *, on the other hand, enters the process only 
in the heating section and depends a good deal on the film 
temperature ty = (t, + t,)/2. Therefore it was taken at this 
temperature. 

Figs. 9 to 13, inclusive, show plots of Nwu versus Nre for the 
various cases of a constant ratio, Lst/Lrot. The influence of the 
Prandtl number does not appear since all runs were made with air 
at virtually the same Prandtl number. 

According to these figures the transition to turbulence was 
generally finished at Nre = 300,000, with the rough junction, 
however, already at Nre = 100,000 (see Fig. 12). It is striking 
that the relatively small roughness of the joint was sufficient to 
increase Nxu by almost 10 per cent. 

Fig. 13 shows the thermal behavior of the specimen in the 
laminar range and the starting of the transition in the runs where 
the ellipsoidal and the long conical nosepieces were used. 
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CoRRELATION AND ANALYSIS OF THE RESULTS 


Mean Heat Transfer. In Fig. 14 the Nusselt number is plotted 
versus Ls:/Lro: for two constant values of Nre in the turbulent 
range. These curves can be represented by an equation of the 
type 

= Co(Nre)™[1 + Ci(Let/Lrot)”] = C(Nre)”.... [5] 


or for Nre = const 
Nye = Ce + (6) 


Determining the constants from the experimental data, the fol- 
lowing equation for the turbulent region of the boundary layer 
was obtained 


Nyu = + 
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If the thermal and hydrodynamic actions start at the same point, 
Equation [7] reduces to 
= 0.0280(Nre)?-*° [8] 


Fig. 15 shows a correlation of the experimental data based 
on these equations. 


- 
. 
" 
: 
+ 
5 
sp | 
| 


JAKOB, DOW—HEAT TRANSFER FROM A CYLINDRICAL SURFACE TO AIR IN PARALLEL FLOW 


Whereas Equations [5] to [8], inclusive, hold only for fully 
established turbulence, there will also be an influence of the 
hydrodynamic starting length on the heat transfer for a laminar 
boundary layer. However, the present experimental arrange- 
ment allowed going back to Reynolds numbers in the stream- 
line range only when Lst/Liot 2 0.220. In this range the in- 
fluence upon the turbulent layer would be only 0.6 per cent as a 
maximum, according to Equation [7]; no influence could be 
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observed in the mentioned range of laminar layers. The results 
of these tests were represented by the equation 


Fig. 15 shows clearly the effect of the laminar and turbulent 
layers on the heat transfer. As could be predicted from the 
theory of boundary layers, there is no sharp critical Reynolds 
number but a transition, depending on the initial disturbances 
and the shape of the nosepieces. Increasing Nre, the transition 
starts and ends earlier with spherical than with ellipsoidal nose 
and last with the long conical nosepiece. The cylindrical part 
of the starting length had no appreciable influence on the transi- 
tion when the nosepiece was the same (spherical). In the fully 
developed turbulent range the points for all starting pieces fall 
into one line. 

Local Heat Transfer. Information about the influence of hydro- 
dynamic starting sections on the local coefficients of heat transfer 
is of considerable interest"! and can be obtained from Equations 
[5] and [7]. However, since differentiation of an empirical equa- 
tion is a delicate matter, the accuracy of the result should not be 
overestimated. 

Considering a surface of arbitrary total length, Zot, and con- 
stant starting length, Ist, and referring to the denotations in 
Fig. 16, Equation [5] can be written as 


(Nnu)s.m = Co (Nre)s” + Cy 


where z is an arbitrary distance from the leading edge in the 
range from x = x, = Let to x = Ltot, the subscript x stands for 
this distance, the subscript z,m for the mean between x = 2% 
and = 

Hence Equation [10] can be written as 


" Capt. M. Tribus, Air Technical Service Command, Wright Field, 
Dayton, Ohio, directed our attention to this fact. 
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Let q’ be the rate of heat transferred over the length z — x, 
from a surface of unit width, by virtue of the temperature differ- 
ence 0, = t, —t,; then 


Substituting h,,_ from Equation [11] and differentiating with 
respect to x 


Iq’ 
v 


— (n— m)C, (2) | [13] 
z Zz 


q’ is a function of z and h,, m; but h,, m, for given 2, is a function 
of x only. Hence q’ is a function of x and dq’ is a perfect differ- 
ential. 

Substituting the numerical values of C,, m, and n from Equa- 
tion [7] 


h,-x 
k 


2.75 
(Nnu)s = = Co(Nre),°* [os + 0.2 = — 0.78 (2) 


3.765 
+ 118 (2) | Pores (14] 
Zz 


The local Nusselt number at the start of the heating section is 
obtained by taking x = x, = Ls. Substituting this in Equation 
[14] 
(Nxulz=Ly 1.4 Co(NRe)z = (Nwu) Lst/Ltot = 1 

= 0.0392 


as could be expected, considering the form and figures of Equa- 
tion [7] 
For Ls. = or = @©, that is, = 0 


(Nnu)z=0 = 0.8 Co(N re) z= =0.8 (Nu) ist/Ltot = 0 
= 0.0224(Nre) 


These are the limits in which (Nwu), May vary owing to the in- 
fluence of starting length. 

The local Nusselt number at the end of the heating length is 
obtained by taking z = Ltor. In the present experiments Ls:/ Lio 
was varied from 0.101 to 0.606. For these two cases Equation 
[14] yields the local Nusselt numbers 


(Nwu)e= Ley = 0.819 and 0.905 Co(Nre) 


respectively, to be compared with the mean Nusselt numbers 
Nwu= 1.0007 Co(Nre)®* and 1.1005 Co(Nre)®**, respectively. 

The latter value is still considerably below the highest possible 
maximum 1.4 Co(Nre)®-*, whereas the lower limit Co(Nre)-* 
has virtually been reached in the present experiments. 
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Influence of Surface Curvature in General. It will have to be 
proved by further experiments how far the present results can 
be applied to surfaces of other curvatures and especially to plane 
plates. Howeves, an estimate of the influence of curvature on 
the heat transfer can be obtained in the following way: 

It is known that the temperature field and velocity field in a 
fluid flowing along a surface are almost similar. This had been 
assumed already by Osborne Reynolds and has been proved ex- 
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perimentally for the flow in a tube by Pannell (9) and on a plane 
surface by lids (10). Let y be the co-ordinate in the direction 
perpendicular to the surface, with y = 0 at the surface and y = b 
at the imagined interface between boundary layer and bulk of the 
flow. The velocities and temperatures at those limits may be 
v = Oandv = », t = t, andt = t,, respectively. Then because 
of the existing analogy 

6 


The rate of heat given up from a plane surface of width W to air 
in parallel flow between the limits z = Ls and x = zis 


= Woc,v(t —t,)dy = f Woc,6,(v — v?/v,)dy. . [15] 


The corresponding rate of heat given up by a cylindrical surface 
of circumference W = 2zr to air in parallel flow is 


Using the same symbols for v and 6 in both equations involves 
the assumption that these quantities are not different for flow 
parallel to a cylinder or to a plane plate. This assumption seems 
to give a fair approximation, even for relatively thick boundary 
layers, according to an observation of Eckert and Weise which 
will be discussed later on. 

Then, according to Equations [15] and [16], the coefficient of 
heat transfer on a cylinder can be found by multiplying the co- 
efficient for a plane surface by the factor 


where 
M = f° and N = (1 + y/r)(v — 


Influence of Surface Curvature in the Laminar Range. For the 
laminar section of the boundary layer, the velocity distribution 
is exactly known from the calculations of Blasius. According 
to Pohlhausen (11) a close approximation is obtained by the 


equations 
2y 
and 


Equation [19] represents the true thickness of the boundary 
layer and not the so-called displacement thickness for which, 
according to Pohlhausen, the factor 1.75 instead of 5.83 would 
have to be entered. 

Substituting from Equation [18] in [17] and integrating 
yields 


M = bu, 
315 
5 b? 
N—M=—-y 
= 
and 
25 b 
284 


where r is the radius of the surface, 0.054 ft in our case. 
According to Equations [19] and [20], the correction factor F 


increases linearly with z and inverse linearly with V (Nre);. 


FEBRUARY, 1946 


The extreme case in our experiments occurred with Lioe = 0.759 
ft (ellipsoidal nosepiece) at Nre = 46,200 (see Fig. 13). By 
susbstitution in Equations [19] and |20] b = 0.0207 ft and PF = 
1.0338 were found. Hence in our most extreme case a 3.4 per 
cent higher value had to be expected for the cylinder than for the 
plane plate. 

From Fig. 13 it is seen that this is just the order of magnitude 
of scattering of our data. So, the differences of the coefficients 
of heat transfer for cylindrical and plane surfaces, if any, are in 
the limits of our accuracy. Should, however, really no difference 
exist in our range, then this would have the following consequence: 

A layer of the bulk flow of unit thickness adjacent to the sur- 
face of the boundary layer at y = b has a greater volume on the 
cylinder than on the plane surface of equal area. Hence its 
wiping capacity will also be greater and the thickness b may be 
reduced. Therefore, b in Equation [16] would be smaller than in 
Equation [15]. However, if Equation [18] were still holding 
for the velocity distribution, (dv/dy),=0 and, consequently, also 
— (dt/dy),=0 would become steeper which would mean a greater 
heat transfer. Hence in this case Equation [18] would have to 
be replaced by an equation giving a less steep velocity slope at 
y = 0. 

Influence of Surface, Curvature in the Turbulent Range. Re- 
ferring to the turbulent section of the boundary layer, again 
Equations [15], [16], and [17] can be used. Equation [18] may 
be replaced by 


This is von Kaérman’s well-known equation which, notwithstand - 
ing its approximative character, may be used here, for the follow- 
ing reason: According to experiments about the flow in cylin- 
drical tubes by Nikuradse (12), the exponent in Equation [21] 
decreases from 1/5 to less than !'/j9 with increasing Reynolds 
number (13). However, it is not known how the Reynolds num- 
bers for unbounded flow on surfaces are correlated to those for 
the flow in tubes. The range of turbulent flow covered in the 
present experiments (Vre ~ 300,000 to 1,500,000) may corre- 
spond to the range between the so-called upper critical number 
in tubes, Nre © 10,000 or 20,000 (see (14)!? and (15)!) to Nre 
= 75,000, in which range the exponent of Equation [21] equals 
about 

Applying an equation of von Karmdén (16), the thickness of 
the boundary layer can be expressed by 


where 
vex’ 


(Nre’)2’ = 
v 
and x = 2» is defined as that distance from the leading edge at 
which fully established turbulence should start in order to bring 
the boundary layer to the same thickness b at x = 2er which it 
actually attains in the laminar range (see Fig. 1). In other words, 
extending the turbulence curve in Fig. 1 to the left, would lead 
to b = 0 at a fictitious distance x = 2». 
Hence for = 2er Equations [19] and [22] would yield the 
same b so that : 


—0.5 
5.83 (“*) = 0.366 (ster — 20) 
v 


v 


Solving for zo yields 


12 Loc. cit., p. 34. 
13 Loc. cit., p. 172. 
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_3 
= Ler E — 31.82 (222) 
Vv 


From Equations [22] and [23] by some transformation 


= 0.366 x 1 —| 1 — 31.82 
\ v f v 


or 

N. 

bh = 0.3662 [ — 31.82 (NRe)er~ | 


The thickness } increases with increasing x« and with decreasing 
(Nre)er up to a Maximum which would occur at (NRe)cr = 2908. 
One extreme case in our experiments occurred with a cylin- 
drical starting piece having a hemispherical nose (Liot = 1.69 ft) 
and with (Nre)cr ~ 50,000 and Vre ~ 1,500,000 (see Fig. 15). 
Using these values in Equation [24], b = 0.0353 ft was found." 
Substituting now from Equation [21] in [17] and integrating 


M = bv, 
72 
7 
N—M= Ue 
240 r 
and 
With b = 0.0353 and r = 0.054, F = 1.196 was obtained. 


The other extreme occurred with the spherical nose without 
cylindrical starting piece (tot = 0.74 ft) and with Nre = (NRe)er 
= 50,000. Here b =. 0.01347 ft and F = 1.075 were found. 

This means that for the used cylindrical surface, heat-transfer 
coefficients, 7.5 to 19.6 per cent higher than for a plane surface 
may be expected. Should actually no differences exist, then the 
same consequences would have to be considered as drawn when 
dealing with the corresponding differences for a laminar boundary 
layer. 


CoMPARISON WITH Previous WorK 


The present results will be compared with theoretical and ex- 
perimental results of previous investigators. Most of them can 
be reduced to starting length zero and represented by the form 


Co(NRe)™ 


Values of Co and m, according to different workers, are shown 
in Tables 3 and 4, each in chronological sequence. For compari- 
son it may first be noted that the present experiments led to Co 
= 0.590 and m = 0.50 for laminar boundary layer, and to Cp = 
0.0280 and m = 0.80 for turbulent layer. 

Strangely enough, the first notable investigations on this sub- 
ject date less than 25 years back and are purely theoretical. 

For the laminar range Pohlhausen (17) in 1921 derived the 
following equation 


Nwu = (Npr)'/?. [27] 


Nuu = 


Substituting Npr = 0.71 which holds for the average tem- 
perature of the present experiments, Equation [27] takes the 
form of Equation [26] with Co = 0.592 and m = 0.50 in excellent 

“This procedure involves the assumption that Equation [22 
can be used through and past the transition region (see Fig. 1); the 
Same assumption will be made in deriving Equation [29]. Within 
the transition region, however, it yields only approximation results. 
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agreement with the result of the present experiments. Inci- 
dentally, Pohlhausen’s derivation is one of the few existing 
direct solutions of Stokes’s equations of viscous flow in combina- 
tion with the equation of thermal conduction in moving fluids. 
The attempts made by Boussinesq, King, and Aichi before Pohl- 
hausen, and by Lévéque afterward, failed because of over- 
simplified assumption. Lévéque, for instance, assumed a linear 
velocity distribution, instead of Equation [18]. These mathe- 
matical attacks of the problem have been thoroughly described 
by Drew (18). 

For turbulent flow, Latzko (19), also in 1921, derived the 
following equation for the rate of heat flow: 


qtst/tot =0 = 0.0356 


which can readily be converted to 


This equation has the same exponent as was found in our experi- 
ments. Since Latzko’s derivation is restricted to Npr = 1, 
it holds only approximately when Np; # 1. However, substi- 
tuting Npr = 0.71, Co = 0.0253 was obtained, our experimental 
value of Cy being about 11 per cent higher, in satisfactory agree- 
ment with the presented theoretical analysis concerning the in- 
fluence of surface curvature to the results. 

Latzko’s derivation is based on von Kéarmdan’s form of 
Equation [24], that is, (NRe)cr/(NRe), is neglected compared to 1. 
Instead of this, the fictitious point x = 2 (see Fig. 1) may be 


taken as zero point of a system, denoted by prime signs; then 
hLtot h(Leot Xo) Lrot 
k k Lot — Xo Ltot — To 
and from Equation [28], using Ne; = 0.71 


Nyu’ = 0.0253 (Nre’)®-* 


After some transformations 


(N Re )er | 82(NRe)er ~ 
NRe 


= 0.0253 


The expression in curved brackets increases with Nre and with 
decreasing (Nre)cr up to the previously mentioned maximum. 
Hence again the extreme occurred with Nre = 1,500,000 and 
(Nre)cr = 50,000. The calculation yields Co = 0.0254, com- 
pared to Latzko’s value 0.0253. Hence Cy = 0.0280, observed 
with our cylindrical surface, is about 10 per cent higher than the 
theoretical value for a plane surface, in satisfactory agreement 
with the average (13.5 per cent) of the theoretical values, calcu- 
lated at the end of the preceding section. 


TABLE 3 CONSTANT Co AND EXPONENT m OF ernie [26} 
FOR LAMINAR BOUNDARY LAYE 


Authors Kind of work Surface Co _™m 
Pohlhausen Theoretical Plane 0.592 0.50 
Fage and Falkner Experimental Plane 0.750 0.50 
Jakob and Dow Experimental Cylindrical, 


diam, 1.3 in. 0.590 0.50 


TABLE 4 Ogne ant Co AND EXPONENT m OF _ [26] 
OR TURBULENT BOUNDARY LAYE 


Authors Kind of work Surface Co m 
Latzko Theoretical Plane 0.0253 0.80 
Juerges Experimental Plane 0.0452 0.775 
Juerges Experimental? Plane 0.0322 0.80 
Colburn Correlation Plane 0.0320 0.80 
Seibert Theoretical Plane 0.0423 0.786 
Seibert Theoretical* Plane 0.0349 0.80 
Jakob and Dow Experimental Cylindrical, 

diam, 1. 3in. 0.0280 0.80 


@ Results reduced to m = 0.80. 
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Only one year after these two papers the first publication of 
Juerges’ experiments appeared (20), followed in 1924 by a de- 
tailed report (21). He measured the heat transfer from a vertical 
plane copper plate, 1.64 ft X 1.64 ft, to air flowing parallel to the 
surface at velocities up to 100 ft/sec, surface temperatures from 
115 to 140 deg F, and air temperature of 68 deg F. The hydro- 


dynamic starting length in these experiments was 1.02 ft. Fora 
polished plate Juerges found 
[30] 


which can be generalized into our standard form, Equation [26], 
by using the term in square brackets of Equation [7]. In this 
way Cy = 0.0452 and m = 0.775 were obtained. In order to 
simplify the comparison with our values, Juerges’ results were 
also represented with m = 0.80. This led to Co = 0.0322 and to 
values of Nwu which differ less than +2 per cent from the values 
obtained by Equation [30] between Nre = 300,000 and 1,500,000, 
but are 15 per cent higher than our values based on Cy = 0.0280. 

Much of this difference is probably due to a blunt leading edge 
of the starting surface.'* As mentioned in the first section of this 
paper, turbulence will start immediately past such an edge with 
the effect that considerably more heat is transferred in the 
thermal section. Therefore, Juerges’ results cannot be directly 
compared with the present ones in which a laminar boundary 
layer preceded the turbulent layer. Reference is made to Fig. 
12 which shows that even a small roughness in the starting 
section can have an effect on the Nusselt number of similar order 
of magnitude as was observed between Juerges’ and the authors’ 
experiments. 

In the experiments of Elids (10) which covered almost the same 
range of v, and @, as those of Juerges, a starting piece 3.94 in. 
long, with sharpened leading edge and heating lengths of 3.94 
to 15.76 in. were used. 

flids represented his experimental results by curves of the 
velocity and temperature distribution in the boundary layer and 
used these curves to determine the heat carried past in the air 
stream by graphical integration, according to the first part of 
Equation [15]. 

From Flids’ reported values we calculated the heat-transfer 
coefficients and the Reynolds and Nusselt numbers with Ltot 
as characteristic length. Again the starting length was con- 
sidered by means of Equation [7]. 

Flids’ and Juerges’ data, reduced to Ls: = 0, are compared 
with the present results in Fig. 17. It is seen that most of Elias’ 
points fall in between Juerges’ and our line. They show an un- 
usual steep increase with Reynolds number (m > 0.9). Seibert 
(22) considers this as evidence of not yet finished transitions and 
in fact, the points of Fig. 17 fit rather well with our observations 
in the state of transition shown in Fig. 15. The instability due to 
transition and the indirect determination of heat convection 
from flow and temperature measurements in the boundary !yer 
may account for the considerable scattering of the points.'® 

In contrast to the steep increase of Elias’ values, Taylor and 
Rehbock (23) arrived at an improbably small exponent (m = 
0.725), using Juerges’ data and their own experiments, per- 


18In Fig. 2 of Juerges’ paper no sharpening or smoothing of the 
edge is indicated. Since many minor details are dealt with in the 
paper, the author would certginly have mentioned any sort of treat- 
ment of the leading edge. 

16 The accuracy of the experiments is unfavorably influenced by 
the difficulty to co-ordinate a considerable number of measured local 
velocities and temperatures to the exact values of y in a total range 
of boundary thickness of about !/2 in. only. Moreover, the surface 
temperature was measured by thermocouples placed on the back side 
of the heating box. It is very questionable whether sufficient sym- 
metry existed on both sides; the surface thermocouples themselves 
may have disturbed such symmetry. 
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formed on a 6-in-sq copper plate at 75 to 235 ft/sec air velocity. 
Unfortunately, they did not indicate the value of the hydro- 
dynamice starting length in their experiments. For this reason a 
comparison with present results is not possible. 

Fage and Falkner (24) determined the heat transfer to air from 
platinum foils, 0.00127 em thick, 1.27 em wide, and from 0.333 
to 1.27 cm long, in the laminar-boundary range. The air velocity 
was varied from 20 to 70 ft/sec, the air temperature was 72° F, 
the foil temperature was about 340°F. For the exponent m the 
usual value of 0.5 was found, for the constant Co, however, 
the high value 0.750. This may be ascribed to the fact that with 
such short heating surfaces, the starting-section conditions pre- 
vail. Latzko (19)" analyzing an analogous case in the turbulent 
range found that in the starting section the constant Cy should 
be higher than in established turbulence, whereas the exponent 
would remain unchanged. The same may hold for the laminar 
range. 

Colburn (25) accepted Pohlhausen’s equation and made a cor- 
relation according to which Fage and Falkner’s results would be 
in agreement with this equation. Because we had found their 
values to be 27 per cent too high, we asked Dr. Colburn for an 
explanation of this discrepancy, and he found that due to a 
slide-rule error, all points representing Fage and Falkner’s values 
in his Fig. 20 should be raised by 21 per cent. This explains the 
greatest part of the mentioned difference. 

Colburn further correlated the experimental results of Juerges 
and lids in the turbulent region and expressed them by the fol- 


lowing equation 
0,80 
= 0.0321 (122) 


v 


Using Juerges’ Let/Liot = 0.383 and converting from vy at 
film temperature (about 98°F) as used by Colburn, to v at bulk 
temperature (about 68°F), correcting also for the influence of 
the starting length, according to Equation [7], Colburn’s equa- 
tion is reduced to our standard form with m = 0.80 and 


Co 0.0321 (Lror/Len)* (v/v) 8 
= 0.0320 


Seibert (22) also adopted Pohlhausen’s theory in the laminar 
range. For turbulence he used the modification by which Prandt] 
had extended his original theory to the case of Npr # 1 and in 
particular, ten Bosch’s (3) extensions of this theory. Employing 


17 Loc. cit., p. 283, Fig. 7A. 
18 Plids’ range of ratios was Let/Lio = 0.2 to 0.5. 
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Seibert’s exponent m = 0.786, but correcting’? for the difference 
in Np,, the value Co = 0.0423 was obtained. His results can be 
covered also by using m = 0.80 and Co = 0.0349. Comparison 
then shows that Seibert’s theoretical values of Nwu for plane 
plates are 25 per cent higher than those measured on a cylinder 
in the present work. This is at variance with Latzko’s theoretical 
results which cannot be expected to be seriously in error at a 
Prandtl] number so close to unity. However, Seibert’s relation 
is based on different assumptions which would need to be 
checked, as he states himself. 

Seibert also indicated the following formula for the transition 
state 


= 0.00178 


It yields too low values compared to the transition lines in Fig. 
15. 

Also his method of inserting Elids’ results between a maximum 
and minimum of Nusselt numbers is questionable. The heating 
section gives up more heat (qmax) in actual measurements if an 
unheated starting length exists, than would be the case if the 
same total length were held at the same temperature excess 4, as 
the heating section was in the actual experiments (qmia). Seibert, 
however, uses a sort of mixing rule for Nusselt numbers in his 
Equation [20], which is not correct. 

Using Equation [7], the following is obtained 
[1 — (Let — Lee / 


[32 
+ 0.4 (Lise / Leot)?-76 


gain 


Qmax 


For the extreme ratios, employed by Elids, Lst/Liot = 0.2 and 0.5, 
Equation [32] yields qmin/qmax = 0.901 and 0.804, respectively, 
compared to the ratios (Nwu)min/(VNu)max = 0.945 and 0.713, 
respectively, calculated according to Seibert, assuming the same 
exponent, m = 0.8. In general, much insight in the mechanism 
is not obtained by Seibert’s method of asking what the heat 
transfer in a heated section would have been if the starting length 
had also been heated, whereas Equation |7|, rough and improva- 
ble as it may be, considers the influence of the starting length in 
a straightforward way. 

Finally, some theoretical and experimental papers may be 
mentioned which deal with the laminar part of the boundary 
layer at very high fluid velocity. The authors are Crocco 
Hilton (27), Eckert and Weise (28), and Eckert and Drewitz (29). 
The result of these investigations is that Pohlhausen’s equation 
can be applied up to as high speeds as twice the velocity of sound, 
provided that the temperature of the gas t, is replaced by the 
temperature ¢; which the unheated and perfectly insulated sur- 
face would assume in the gas stream. This temperature may 
be called “impressed temperature.”’ For Np, = 1, it is found by 
adding to the ordinary surface temperature the temperature 
increment due to adiabatic stopping of the gas stream, @a = 
v,°/(64.4 Jc,), where J is the mechanical equivalent of heat.” 
For Npr # 1, 0; = Oaa. (Nr) is to be added to t,; values of the 
function ¢ are given in Table 5. They are calculated by means of 
Pohlhausen’s theory; the first nine values have been taken from 
his original paper (17), the last two from Eckert and Weise’s 
paper (28). 

Also the heat transfer in the range of turbulent layer can be 
calculated with the formulas developed for small velocities if 4 
is employed instead of ¢,. 

Hence it may be assumed that the results of the present paper 
also can be approximately used for high velocities and for other 
fluids than air if ¢, is replaced by ¢,. 


19 Seibert’s Equation [17] has been used for this slight correction. 
_ * For convenience J and cp are expressed in the dimensions given 
in the “‘nomenclature;’’ the number 64.4, then, is not dimensionless. 
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TABLE 5 VALUES OF THE FUNCTION (¢Npr) 
NPr 0.6 0.7 0.8 0.9 1.0 1.1 Ia. 
0.77 0.835 0.895 0.95 Loo 
7.0 10.0 15.0 100 1000 Liguids 
e(Npr) 2.515 2.965 3.535 6.7 12.9 


Concerning the influence of curvature of the surface in a plane 
perpendicular to the main flow direction, Eckert and Weise 
made some tests on wires with 0.2 to 2 mm diam in the range of 
v, = 400 to 1000 ft per sec air velocity, corresponding to Nre = 
50,000 to 500,000. Denoting the temperature excess of the un- 
heated wire by @;, it was found that the ratio 0;/@.4 depended only 
slightly on the ratio b/r which was varied from 0.1 to 1. In 
the same range, Hilton measured 0;/@.a for a plane plate and 
found only about 3 per cent higher values than Eckert and Weise 
on the thin wires. This is in good agreement with the deviation 
of 3.4 per cent calculated by the present authors for b/r = 0.384 
in the fourth part of the previous section of this paper. 


SuMMARY AND CONCLUSIONS 


1 Systematic measurements of the heat transfer by convection 
from a cylinder to a fluid flowing parallel to its axis allow a simpler 
technique than measurements with plane surfaces. They should 
yield results which can be applied to plane surfaces up to rather 
high Reynolds numbers when cylinders with reasonably large 
diameters are used. 

2 The present experiments were performed with air flowing 
parallel to an electrically heated smooth cylinder, 8 in. long, 1.3 in. 
diam. Wooden nosepieces of different shapes and cylindrical 
pieces of different lengths served as unheated starting sections. 
The heated lengths were varied from 40 to 90 per cent of the total 
length, air velocities from 10 to 150 ft per sec, corresponding to 
Reynolds numbers from 45,000 to 1,500,000, based on the total 
length as a characteristic dimension. 

3 The results of the measurements could be expressed by the 
equations 

Nye = 0.500 
and 


Nyu = 0.0280 (Nre)*[1 + 0.40 


-(7] 


for laminar and turbulent boundary layers, respectively, where 
Nyu and Nre are Nusselt and Reynolds numbers with the total 
length Lot as characteristic length, and Ls as the starting length. 
Transition to turbulence started between Nre = 50,000 and 
200,000 and was virtually finished between 250,000 and 600,000 
(see Fig. 15). The start and end of transition depended mainly 
on the shape of the nose. Even a slight roughness in the start- 
ing section caused a considerable increase of the heat transfer. 

4 An equation for the local Nusselt number was derived 
from Equation [7] by differentiation. 

5 The influence of the cylinder curvature has been studied 
theoretically, considering similarity between velocity and tem- 
perature distribution and assuming that the velocity distribution 
in curved boundary layers is the same as for plane layers. Under 
these assumptions 8.8 b/r and 30 b/r would be the percentages 
by which the Nusselt numbers for cylinders would exceed those 
for plane plates in the ranges of laminar and turbulent layers, 
respectively, where r is the cylinder radius and the thickness of 
the boundary layer > is taken from Equations [19}| and [24], 
respectively. It was further shown what changes in the theory 
might be advisable if such differences should not actually occur. 

6 Using these differences in the laminar range of the present 
experiments, the heat transfer should be higher by 0 to 3 per cent 
than for a plane boundary layer. This seems to be in agreement 
with some recent experiments which Hilton and Eckert and 
Weise performed at much higher air velocities and smaller 
lengths. Fage and Falkner, however, obtained 25 per cent higher 
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values in tests on short platinum foils. No difference was found 
between the present experimental data on cylindrical layers 
and those from Pohlhausen’s generally recognized theory for 
plane boundary layers. 

7 Applying the theory to the turbulent range of the present 
experiments, a 7 to 20 per cent larger heat transfer would be ex- 
pected than for plane plates. Actually the present experimental 
data are about 10 per cent higher than those obtained from 
Latzko’s theory for a plane surface. On the other hand, they are 
20 per cent lower than those according to a theory of Seibert which 
is based on different and not yet proved assumptions. Experi- 
ments in the range of turbulent boundary layers on plane surfaces 
have been performed by Juerges and Elidés. A blunt leading 
edge seems to have caused relatively high heat-transfer values 
in Juerges’ experiments 15 per cent above the present data. 
Flids’ results are between Juerges’ and the present data. 

8 A recent paper of Eckert and Drewitz shows that Pohl- 
hausen’s theory holds up to twice the velocity of sound if the fluid 
temperature is replaced by a temperature impressed on the surface 
because of adiabatic stopping and friction of the stream. The 
same is claimed for the turbulent boundary layer. 

It may be concluded also that the results of the present in- 
vestigation can be approximately employed up to much higher 
than the experimental velocities and applied to other fluids 
when the equilibrium fluid temperature is replaced by the ‘‘im- 
pressed temperature” of the surface. However, it is planned to 
extend the experiments to velocities higher than those used in 
the present experiments. 

9 According to the authors’ theoretical reasoning, the heat 
transfer on plane surfaces should be somewhat smaller than 
given by Equation [7]. This would be in agreement with Latzko’s 
theory. Seibert’s theory for plane surfaces, however, leads to 
higher values of heat transfer than observed on the cylinder. 
It is intended to decide this controversial question by experi- 
ments with cylinders of different diameters, varying also the 
starting and heating lengths. For the time being it seems to be 
safe to use Equation [7] tentatively for any convex smooth sur- 
face with arbitrary starting section when the radius of curvature 
in a plane perpendicular to the main flow direction is more than 
1/,in. The influence of the starting length, in particular, should 
be nearly the same for cylinders and plane surfaces. 
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Temperature-Time Distribution 
Rectangular Bars 


By W. M. ROHSENOW,! M. J. ARONSTEIN,? ano A. C. FRANK? 


Charts for determining temperature-time distribution 
in flat plates, infinite cylinders, and spheres have been 
published previously. The purpose of this paper is to 
amplify the lower end of the curves thus presented, and to 
give the results in graphical and in tabular form. In ad- 
dition, the rapid convergence of the series solution is 
shown, and combined curve sheets for rectangular bars 
are presented. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


t = temperature 


t, = initial temperature of bar 

t, = temperature of surrounding atmosphere 
6 = time 

k = coefficient of thermal conductivity 

p = density 


c, = specific heat at constant pressure 

w = half-width of bar in z-direction 

u = half-width of bar in y-direction 

= k/(ec,) — thermal diffusivity 

= film coefficient of heat transfer 

= h/k 
= (¢ — t.)/(t. — 


r= Dx, 
n=1 


X,, = defined in Equation [6] 
Nore: Any consistent set of dimensions may be used. 
INTRODUCTION 


When a homogeneous solid body at a uniform temperature is 
suddenly exposed to an atmosphere which is held at some con- 
stant temperature different from that of the body itself, eat is 
exchanged between the body and the atmosphere through a film 
on the surface of the body. The outer parts of the body approach 
the temperature of the atmosphere more rapidly than do the 
inner parts. Heat is transferred between the inner and outer 
parts of the body by conduction. After an infinite amount of 
time the solid body is uniformly at the temperature of the sur- 
rounding atmosphere. 

In engineering applications the useful information concerning 
this transient-state heat-transfer process is of two forms. In one 
case it may be desirable to know the temperature distribution 
existing in a solid body at any instant of time; in the other case 

‘Instructor in Mechanical Engineering, Yale University. Jun. 
A.S.M.E. 

? Senior, Navy V-12 College Training Program, School of Engi- 
neering, Yale University. Student Mem., A.S.M.E. ov 
_ Contribtted by the Heat Transfer Division of THe American 
Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until March 11, 1946. Discussion received after the closing date 
will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society, or the U. S. Navy, or Naval Service at large. 


it may be desirable to know the temperature-time curve for any 
point in the body. An example of these cases is the hardening of a 
solid steel body. The solid body is heated to a uniform high 
temperature; then it is suddenly quenched in oil or water. The 
inner parts cool more slowly than the outer parts; hence there 
results a body of varying degrees of hardness throughout its 
volume. In order to determine the stresses produced in the bar 
by this unequal cooling, it is necessary to know the temperature 
distribution at any instant of time; and, in order to determine 
the degree of hardness at any point in the bar, it is necessary to 
know the temperature-time curve at that point. 

Charts for determining temperature-time distribution in in- 
finite flat plates, infinite cylinders,-and spheres have been pub- 
lished by Gurney and Lurie (1, 2),? Hottel (3) and Newman (4). 
The purpose of this paper is to enlarge the lower end of these 
curves presenting the results in graphical and in tabular form; 
to show the rapid convergence of the series solution; and to 
present combined curve sheets for rectangular bars. 

Since the number of variables is large and the calculations are 
laborious when applying the equations resulting from the mathe- 
matical solution of the problem to any given case, the series of 
charts constructed permits a convenient solution under any set of 
given conditions. From these charts the temperature-time- 
position relationship for two specific cases, namely, the square 
bar and the 2 X 1 rectangular bar, was found as a method of 
illustrating the procedure. It is hoped that these specific solu- 
tions along with the solution for the infinite flat plate will give a 
general idea of the range of values to be encountered. 


INFINITE FLAT PLATE 


Consider an infinite flat plate (infinite in the Y- and Z-direc- 
tions) of thickness 2w, as shown in Fig. 1. The plate is initially at 
a uniform temperature ¢, and is suddenly exposed to an atmos- 


3 Numbers in parentheses refer to the Bibliography at the end of 
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phere of temperature t,, which may be colder or hotter than ¢,. 
The heat-conduction equation for this case is 


ot 

where 


The term a is called the thermal “diffusivity”’ of the material and 
is considered to be constant for any given solid material. 
The solution of Equation [1] may be found in applied mathe- 


matics and in heat-conduction texts such as Carslaw (5). The 
solution is 
i, 6, esc 6, + cos 6, 
n=1 
where 5,, called “eigenwerte,’’ are roots of the equation 


The first five roots of Equation [4] are shown as a function of bw 
in Fig. 2. Note that since all are shown on the same ordinate 
scale, + must be added to the scaled value of 52, 24 to 43, etc. 
This arises from the fact that 6, varies from 0 to 2/2, 5; from 
x/2 to 3x/2, etc. Tabular values of these roots may be found in 
Gréber and Erk (6) and in Jahnke and Emde (7). 
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16 i. | | | | | 
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Fie. 2 or EIGENWERTE, 5 


In order to simplify the series notation of Equation [3], let it be 
written in the form 


n=1 
where 
X, = 008 [6] 


6, esc 5, + cos 6, 


The first three terms of the series, X;, X2, and X; are shown in 
Fig. 3. The term X; is insignificant for values of a@/w* greater 
than 0.05, and term X, is insignificant for values of a6/w? 
greater than 0.20. The sum of the first three terms of the series 
Equation [5], T,, is plotted in Figs. 4 through 8, for values of 
z/w = 0, 0.25, 0.50, 0.75, and 1, respectively. 

These charts represent the solution of Equation [3] to de- 
termine the temperature-time distribution at 5 planes in one half 
of the infinite flat plate. The computed values obtained by adding 
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= = 
k- + the solution of which is 
04 where the 7’ functions are defined as in Equation [8]. 
\ The functions 7,, T,, T; are given by Equations [3] and [5], 
\\ ; and are plotted in Figs. 4 to 8, inclusive. In order to determine 
\ \ = the solution 7’ for any point in a bar or a block, evaluate 7’, from 
\ 4 Equation [5] (or from Figs. 4 to 8, inclusive) for each of the co- 
02 — ordinate directions, thus obtaining 7,, 7,, T,. The product of 
| 3 IN >< these three is the solution as indicated in Equation [10]. For an 
t as tA infinite rectangular bar, only 7, and 7’, need be obtained. 
\ A set of curves has been constructed in Figs. 11 and 12 for the 
\ NO DL solution of Equation [8} at the inner points of the infinite rec- 
al ‘é tangular bar shown in Fig. 10. Fig. 11 is for a square bar, and Fig. 
. ~ < —= 12, for a rectangular bar of side dimensions in the ratio of 2 to 1. 
Ts aN bw In the case of a square bar, only 6 of the 9 positions indicated in 
Ny ~~ J‘ Fig. 10 need be considered since there are three identical pairs of 
points because of symmetry. 
= 
Y 
= ° 
20 
0 02 04 a6 as 10 12 14 Yo,.5) 
Fic. 8 T, Versus ror z = 1.0 
t (0,0) _{.5,0) (1,0) 
the first three terms of the series in Equation [5] are tabulated in 
Tables 1 to 5, inclusive. 


INFINITE RECTANGULAR Bar AND RECTANGULAR BLOCK 


The heat-conduction equation for the infinite rectangular bar 
represented in Fig. 9 is 


By substituting in the partial differential equation, Equation [7], 
it may be shown that 


is its solution, where 7, is the solution of 
ot / 08 = a(d*t/ dz?) 
and 7’, is the solution of 
00 = a(d*t/ dy?) 
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Fic. 9 QuarTerR-Cross SecTION or INFINITE RECTANGULAR BAR 


This is known as Newman’s rule (4). 
differential equation is 


Similarly, for a cube the 


Fic. 10 QuartTER Cross SEcTION OF INFINITE RECTANGULAR BaR 
SHowine Points ror Wuicw CoMBINED So.LuTION Is PRESENTED: 


It will be noticed that for positions along the z-axis, the curves 
for the rectangular bar, Fig. 12, lie approximately midway be- 
tween the curves for the square bar, Fig. 11, and the curves for 
the infinite flat plate, Figs. 4 to 8, inclusive. These curves are 
intended to indicate the range of possible values in rectangular-bar 
problems and to indicate a graphical method of procedure. 

ILLUSTRATIVE EXAMPLE 


Consider an infinite rectangular steel bar of dimensions w = 
0.125 ft and uw = 0.250 ft. Determine the value of temperature 
ratio t/t, at the point z/w = 0.5, y/u = 0.5 at the time 6 = 
0.0271 hr. For a steel bar, k = 25 Btu/(hr)(sq ft) (deg F/ft), p 
= 493 lb/cu ft, andc, = 0.11 Btu/(lb) (deg F); hence the ther- 
mal diffusivity is 


a = 25/(0.11 XK 493) = 0.461 sq ft/hr 

If the film coefficient of heat transfer is 
h = 200 Btu/(hr) (sq ft) (deg F) 
then 
b = h/k = 200/25 = 8.0 ft~! 
and 
bw = 1.0, bu = 2.0, a6/w? = 0.8, a0/u? = 0.2 
From Fig. 6 or Table 3 for 
a6/w? = 0.8 and bw = 1.0, T, = 0.564 
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TABLE 1 VALUES OF Tz FOR z/w = 0 
bw 


1.007 1.001 999 -988 -956 -922 .888 82h, 
1.010 1.001 -903 -840 -762 -700 642 .590 
1 1.016 1,001 -952 .832 -719 -620 0535 . 398 
3 1.038 -998 68h, -292 2220 -166 
6 1.074 999 974 .602 .416 -290 .202 .0973 
998 -968 .829 -558 -2h6 .164, -109 072) 
-960 .518 2135 .0558 
50 1.098 954 306 .192 2119 
oo 1.103 -996 -773 «475 .290 1.77 -108 


TABLE 2 VALUES OF Tz FOR 2/w = 0.25 


bw 

1.000 1.000 .998 98, 952 916 -851 .819 -790 
5 -997 1.000 994, 819 .691 634 

1 -995 1.000 -986 -935 81 -702 -606 - 389 

6 812 .568 394 274 .191 .0916 
10 -989 -781 348 -154 -102 .0678 
20 -986 -920 -752 308 .197 -126 -0798 .0520 
50 -920 .910 -732 0456 -178 -110 -067, 
.916 982 -900 °717 04439 268 164 -100 -0611 20373 

TABLE 3 VALUES OF Tz FOR 2/w = 0.50 

ae /we ol 6 8 1.0 1.2 te 
bw 

-996 .997 -989 -970 . 868 -836 -776 
5 998 = -856 786 -722 663 -608 

1 -995 986 -950 -880 e757 654 564 .419 . 362 

2 -980 .966 .888 -182 .137 

6 975 .682 -470 +226 158 -109 .0760 
10 -983 =.942 .810 -64,0 -280 186 -0823 
20 995.913 -776 .598 -378 .0628 =. 
50 1.010 .898 0753 -220 .138 -0854, .0530 .0330 
oo 1.020 .886 0735 2125 -O76, .0467 1.0314 

TABLE 4 VALUES OF Tz FOR 2/w = 0.75 

005 6 8 1.0 1.2 1.4, 
bw 

5 1.015 .966 -930 .877 -673 -618 -567 

1 1.026 .870 -428 368 .318 

3 1.072 «430 3523 183 -138 104 
6 1.107 767 471 .319 2221 -107 .0516 
10 1.105 -686 2255 .169 0331 


20 1.142 .650 «495 -359 2225 -0919 .0586 .0372 .02h2 
50 1.136 604 0453 2325 .198 -O774 .0480 .0298 .0185 


TABLE 5 VALUES OF Tz FOR 2z/w = 1.0 

bw 

.952 -907 .870 .838 -806 -778 - 748 -721 
5 -963 .886 -8L,6 -792 -719 -605 -510 
6 -610 .350 .197 .132 -0916 .0635 .OL40 .0313 #.0219 
10 457 232 - -0789 .0525 .0348 .0232 .0154% #£.0102 
20 -0881 .0622 .0387 $.0159 .0101 .0064 
50 2116 0363 .0252 .0152 .009, .0059 .0037 .0023 
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Fic. 11 Compinep Sorution T, ror Points In INTERIOR OF AN INFINITE SQUARE Bar; (u = w) 
RECTANGULAR BAR 
T 6 
02 
co 
10 ns | = 
o2} 40. \ 10 
ot LIN LIN Li | | ~ 
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06 Lo 12 14 00 02 04 06 08 os 14 00 02 04 06 08 10 12 14 
Fie. 12 Comprnep Sotuttion T, ror Pornts IN INTERIOR OF AN INFINITE RECTANGULAR Bar; (u = 2w) 
and for which were constructed from the values of 7’, in Tables 1 to 5, 


a6/u? = 0.2 and bu = 2.0, T, = 0.80 (estimated by interpolation). 
Then 
T = T,-T, = 0.564 X 0.80 = 0.451 


This same result is obtained directly from curves for x2/w = 0.5 
and y/u = 0.5 in Fig. 12. For a6/w? = 0.8 and bw = 1.0, the 
value of T is seen to be 0.45, which is a close check. 


CONCLUSIONS 


Solutions to two-place accuracy may be obtained by interpolat- 
ing in the curve sheets Figs. 4 to 8, inclusive, and Figs. 11 and 12, 


inclusive. 

More accurate solutions are obtained by solving Equation [3] 
directly. The first term of the series in Equation [3} is sufficient 
for three-place accuracy when a@/w? is greater than 0.3. The 
first two terms should be used for three-place accuracy when 
0.1 < a6/w? < 0.3. 
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Logographs 


By R. S. TOUR! 


A different type of chart? is presented for graphical so- 
lution of equations of the form T?U?7V’W' = K. The 
charts are called “‘logographs’’ as distinct from nomo- 
graphs and depend basically on the addition of loga- 
rithms. Logograph charts develop from the fact that a 
straight line drawn on semilog paper represents a func- 
tion of the form: log y = a + bx, or x = ec + n log y. 
The construction of logographs is explained and exempli- 
fied in the development of a chart for the calculation 
of heat-transfer coefficients in turbulent flow. As ex- 
amples of more elaborate logographs, charts are also of- 
fered for the turbulent flow of fluids in pipes and for the 
flow of fluids through sharp-edged orifices. The equations 
underlying the last two charts represent new forms of the 
standard expressions and are briefly discussed and their 
limitations indicated. 


O those who have constructed or used alignment charts 

involving four or more variables, the attendant difficulties 

are evident. The reference or blank scales that become 
part of such nomographs, the length of the scales for wide ranges 
in the values of the variables, the obliqueness of the intersecting 
lines that must sometimes be used with resultant inaccuracy, 
serve to multiply the difficulties. The construction of such 
alignment charts is also no simple matter since each of the lines 
requires a special scale laboriously laid out by hand. 

These difficulties are particularly evident in nomographs for 
evaluating heat-transfer expressions wherein the variables may 
number seven, eight, or more, covering ranges for some of per- 
haps 10°. In addition to special scales for each variable there 
will also be “dummy”’ scales (or their equivalent) numbering 
three less than the number of variables. The progressive series 
of alignments that must be made between the scales, taken in 
proper order, may make the use of the nomograph so tedious and 
confusing as to neutralize its value for rapid computations. Fis- 
pecially is this the case if a solution is desired for one of the varia- 
bles other than that for which the nomograph was originally de- 
signed. 

A fundamentally different type of chart eliminating most of 
the objectionable features of nomographs is described in this paper. 
It is applicable in general to functions expressible in the form 


p log T + qlog U + rlog V + slog W = log K...[1b] 


‘ Department of Chemical Engineering, University of Cincinnati. 

? The charts (Figs. 1, 2, 3, 4) offered in this paper are simplified 
tracings from originals made on standard 11-in. X 17-in. three-cycle 
semilog paper. For convenience in size reduction and in printing, 
the tracings for this publication carry a minimum of co-ordinate 
lines. They are thus not satisfactory for computation purposes, but 
serve here merely to show the construction methods and use of logo- 
graph charts. If desired, the reader may transfer the lines shown to 
standard semi-log paper for more accurate computations. Full-size 
(1l-in. X 17-in.) lithoprinted copies of the original charts are in use 
at the University of Cincinnati, and a limited number of these litho- 
prints will be available for distribution on request. 

Contributed by the Heat Transfer Division and presented at the 
Cincinnati Section Meeting, Cincinnati, Ohio, Oct. 2-3, 1945, and 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of 
THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


The 7, U, V, W terms represent variables, with p, q, r, s as con- 
stant exponents which may be either positive or negative, inte- 
gers or fractions. The K is a constant, dependent on the func- 
tion and on the dimensions ascribed to the individual variables. 
Expressions such as Equation [la] arise frequently in engineering 
design and practice, especially in the fields of heat transfer and 
fluid flow. They lend themselves neatly to a graphical solution 
based on the addition of logarithms. 

The principle involved in the computation charts offered here 
is based on the fact that the equation of any straight line drawn 
on semilog co-ordinate paper is of the form 


logy =a+ br 
or 
r=c+nlogy 


The location of the line determines the constants ¢ (or a) and 
the slope of the line defines n for 6). If each of the variables in 
Equation [1b] be plotted as a straight line on semilog paper with 
the c and n properly chosen, the linear (x) co-ordinates for any 
true set of values of the variables may be numerically added to 
accord with Equation [1b]. It is to be noted that a numerical 
addition is here substituted for the progressive series of graphical 
alignments used in nomographs. The process of addition is the 
quicker for such functions and is not subject to the manipulative 
errors of a series of alignments. But the chart used in this way 
is obviously not an alignment chart (i.e., nomograph); it is here 
descriptively titled a ‘‘logograph.” 


LoGcoGrAPH FoR HEAT TRANSFER IN TURBULENT FLow 


Recently a nomograph was published (1)* for the Dittus- 


Boelter equation for determining heat-transfer film coefficients with 
turbulent flow in smooth pipes. The equation used to determine 
these coefficients is of the Nusselt type and is generally given in 
any consistent units as 


k Dup\** [zc \""* 
h = 0.0243 (Pee) [2a} 


This may be rewritten in an alternative form to eliminate frac- 


tional exponents 


C*k8p4ut 


In the usual mixed engineering units (specified) this becomes 


C*k8ptus 

C = specific heat, Btu/(Ib) (deg F) 
k = thermal conductivity, Btu/(sq ft) (hr) (deg F/ft) 
p = density, pef 
u = linear fluid velocity, fps 
D = pipe diameter, in. 
Z = viscosity, poises 
h = heat-transfer coefficient, Btu/(sq ft) (hr) (deg F) 


This equation with its seven variables, six independent, is an ex- 
ample of an expression for which a nomograph is not entirely 
satisfactory. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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A logograph for making computations from Equation [2c] is 
shown in Fig. 1. The illustrative example given on the chart 
shows the general method of using logographs. It is the same 
example used by Ryant (1) for his alignment chart, wherein it is 
desired to find the heat-transfer coefficient (h) for hot water flow- 
ing at a velocity (u) of 8 fps through 1-in-diameter (D) tubes, the 
specific heat (C), conductivity (k), density (p), and viscosity (Z) 
of the water being specified. Each of the known variables is in 
turn located on the logarithmic scale (ordinates) and from the 
appropriate line for that variable, a reading R (abscissa) is de- 
termined. The six #’s are numerically added and the sum sub- 
tracted from the chart constant A. The result is the R (abscissa) 
for the remaining variable, in this case the heat-transfer coef- 
ficient (hk), which is then determined from its line on the chart. 
Six #’s are read, an addition and subtraction made, and the un- 
known variable (which can be any one of the seven) is determined. 


CONSTRUCTION OF LOGOGRAPHS 


To construct a logograph for some specified function, it is first 
necessary to rewrite the function in the form of Equation [la]. 
Having done this, the following procedure is suggested: 

1 Choose semilog paper with N logarithmic cycles to cover 
some selected range in the magnitude of the variables. This 
choice is flexible since the range for any variable can be increased 
from 10° to 10°” to 10°’ by the addition of successive constants 
to the reading for that variable (see Fig. 1). In general, three- 
cycle semilog paper is quite satisfactory. 

2 Select dimensions of suitable magnitude for each of the 
variables in Equation [1] so that the same logarithmic scale 
may serve for all variables. This avoids confusion in the use of 
the seales. Then modify the value of the constant A in original 
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Equation [la] to agree with the dimensions which are selected. 
3 Transform the modified Equation [la] into the logarithmic 
form of Equation [1b] 


(p log 7’) + (q log U) + (rlog V) + (slog W) = log K. . [3] 


Although as written here the signs are positive, it should be re- 
membered that some of the exponents (p, q, 7, s) may be inher- 
ently negative. In the general case, a negative sign can be ap- 
plied throughout in Equation [3]. The use of the + or — is a 
matter of convenience; a negative sign throughout leads to a 
logograph which is a mirror image of that with a positive sign. 

4 A scale factor or modulus M for the linear co-ordinates 
(abcissas) is selected so that the linear divisions will cover some 
desirable range in the value of the logarithms of the variables. 
The factor M is used as a multiplier in Equation [3]. 


(Mp log T) + (Mq log U) + (Mr log V) + (Ms log W) 
= MiogK...... [4] 


The modulus M may be positive or negative and its magnitude 
is a matter of judgment. Its value controls the slope of all the 
lines and the relative accuracy of the readings of ordinates versus 
abscissas. The size of M is limited by the ranges to be covered 
by the various lines on the chart. 

5 Added convenience in using the chart is obtained if all the 
linear co-ordinates (abscissas) are positive. Accordingly, add 
some specific positive constant of sufficient magnitude (e, f, g, h) 
to each of the variable terms of Equation [4] 


(e+ Mp log T) + Mqlog U) + (g + Mrlog V) + 
(h+ MslogW) =e +f+g+h+ (MlogK) =A...[5] 
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A wide choice exists for these addition constants. Their values 
control the relative locations of the lines on the chart. The con- 
stants should be selected so that the lines cross each other as 
seldom as possible and then not at too small an angle. The sum 
total A of the constants in Equation [5] should be some round 
number easily kept in mind, e.g., 150 (as in Fig. 1), and the value 
of A must be specified on the chart. 

6 Each of the separated terms in parentheses in Equation [5] 
may now be plotted against the linear scale R, each plot resulting 
in a straight line on the semilog paper, all represented by the 
generalized expression 


Rk, = C + Mnlog Y 


Here R, refers to the abscissa readings for any one of the variables 
(T, U, V, or W) represented by Y, with n indicating its power 
(p, q, r, or s), and C the corresponding addition constant (e, f, g, 
orh). The lines for R, may be located on the chart as follows: 
If the logarithmic scale ranges from 10° at the bottom to 10° at 
the top, then the intercepts at the bottom and top of the logo- 
graph for each of the variables Y are, respectively 


R, = C + (Mn)b (at bottom) 
= C + (Mnbt (at top) 


A line joining the bottom and top intercepts for each variable 
completes the chart. 

7 If it is desired to increase the size of the units (or dimen- 
sions) of any one of the variables by a factor k, it is only necessary 
to add to reading R for that variable a quantity +.Wn log k. 
For example, a quantity expressed in inches on the chart may be 
read as feet by adding +Mn log 12 = +1.079.VWn to the R, ob- 
tained. Conversely, feet may be read as inches if the addition 
is +Mn log ('/12) = —1.079 Mn. The signs of M and nx must not 
be neglected. A similar device may be used to change the range 
for any of the variables, which is equivalent to changing the size 
of the units for that variable by some power of 10. 

8 Some expressions for which a logograph is desired may 
have one or more variables stated as a function of some more 
specific variable, e.g., ¥ = F(y). Insuch cases the logograph is 
first designed for Y as described, but the straight line is replaced 
by a curve, the points for which are calculated so that a reading 
of y on the logarithmic scale calls for an R, as determined by Y 
= Fy), i.e., Ry = M log F(y). 

Construction of Fig. 1. The foregoing directions, as applied 
specifically to the construction of the logograph in Fig. 1, may 
serve to clarify the procedure. The function for which the chart 
is to be designed has been given and the units specified under 
Equation [2c] as follows 


C*k8ptut 


The working range desired for each of the variables is 


C: 107! to 10! = (107! to 10") 

k: 10-8 to 10° = (10-! to 102) X (10>?) 

p: 10-4 to 10? = (107! 'to 10?) X (10~%) and (107! to 10?) 

us 107! to 10? = (107! to 10?) 

D: to 10? = to 10%) 

Z: 10-*§ to 10! = (107! to 102) X (10~*) and (107! to 10%) X 
(10~*) 

10-1! to 108 = (107! to 10?) and (107! to 10%) X (10°) 

Three-cycle (NV = 3) semilog paper is suitable for these ranges, 

with double ranges required for p, Z, and h. For the log scale it 

seems best to take b = = 2,N =t—b=3. To use the 

same ordinate readings (log scale) for all the variables it is neces- 

Sary to express k as 100 times the conductivity (standard units) 


= 
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and Z as 10 times the viscosity (in poises), i.e., viscosity in deci- 
poises. Further modifying Equation [6] to allow for this change 
in the units of k and Z 


Expressing Equation [7] in logarithmic form and applying a 
modulus M = —1.5 

—3 log C — 4.5 log k — 6 log p — 6 log u 

+1.5 log D + 3 log Z + 7.5 logh = —2.30 

To hold the number of intersections of the lines of the logograph 


to & minimum (see Fig. 1), the following addition constants have 
been chosen 


Varia- 
ble Term Bottom intercept Top intercept 
¢ 22.5 — 3 log C 22.5 + 3.0 = 25.5 22.5 — 6.0 = 16.5 
k 210—4.5logk 210+ 4.5 = 25.5 21.0 — 9.0 = 12.0 
p 19.5 — 6 log p 19.5 + 6.0 = 25.5 19.5—12.0 = 7.5 
u 19.5 — 6 log u 19.5 + 6.0 = 255 19.5—12.0 = 7.5 
D 27.00 + 1.5log D 27.0—1.5 = 25.5 27.0 + 3.0 = 30.0 
Z 28.5 + 3 log Z 28.5 — 3.0 = 25.5 28.5 + 6.0 = 34.5 
h 1443+ 7.5logh 143—-7.5 = 68 14.3 + 15.0 = 29.3 
Add 152.3. Chart constant, A, = 152.3 — 2.3 = 150 


It remains only to construct the logograph and indicate the 
units applicable to each line (see Fig. 1). The reason for choos- 
ing the apparently haphazard constants, such as 22.5, 21.0, etc., 
is that crossing of lines has been largely avoided with six of the 
lines having a common bottom intercept at 25.5. The sum, A, 
of the constants is 150; hence to evaluate any one variable in 
Equation [7] in terms of the other six 


R, = 150— (R. + R; + Ry + Rs + Re + R:) 


The extended (doubled) scales with the range increased by 10* 
in each case for p, Z, and h are calculated by adding +Mn log 
103 = —1.5 X 3n = —4.5n for enlarging the unit 10* times and 
adding +4.5n for reducing the unit 10% times. Applying the ap- 
propriate values of n 


For p: add +4.5 X (+4) = +18(smallerunit, factor = 10-3) 
For Z: add +4.4 X (—2) = —9 (smaller unit, factor = (10-*) 
Forh: add —4.5 X (—5) = +22.5 (larger unit, factor = 10%) 


An example illustrating how the lines on a logograph may be 
moved relative to each other by changing the addition constants 
is shown in Fig. 2, a logograph for the same Equation [2c]. Here, 
b = —1 and t = 2 both as before, M = —2, and the sum of the 
constants, A, totals 100. The distribution of the constants is 
such as to give a chart entirely different in appearance and prob- 
ably less desirable than that in Fig. 1. 


APPLICATION OF LOGOGRAPHS 


Graphical solutions become desirable for application in engi- 
neering design in so far as they simultaneously offer the qualities 
of simplicity, speed, and accuracy. Charts should be versatile 
in the matter of range of the variables included and if possible in 
the units in which those variables are measured, and they should 
visually reveal the comparative effects of changes in magnitude 
of the individual variables. They should require a minimum of 
instruments or special facilities for their use. Some of these 
criteria of good charts may be incompatible and must therefore 
be foregone in special applications. Thus there are conditions 
under which the standard nomograph is most desirable, others 
for which the logograph is definitely called for, and still others 
where specialized diagrams are particularly suited. 

The simplicity of the logograph chart for functions of the form 
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of Equation [la] is eydent. Practically unlimited ranges (10° 
in Fig. 1) are possible for any of the variables, a change in the 
units for any one of the quantities may be obtained simply by the 
addition of a constant, and uniform accuracy is available for all 
the variables in any combination of ranges. The order in which 
the readings for the variables are taken from the chart is of no 
importance, and any one of the variables may be the unknown. 
In constructing the ordinary logograph, the plot for each variable 
is a straight line and no special scales need be drawn on or ap- 
plied to any of the lines. 

Various departures from the construction and use of logograph 
charts as here described may be found desirable or necessary in 
special applications. For example, instead of using logarithmic 
scaled paper, the lines of the chart may have their scales plotted 
directly on them. The location of the lines may become unim- 
portant if they are considered merely as logarithmic vectors, with 
lengths taken off each of the lines from some point of reference, 
the various lengths then being added vectorially. Such a pro- 
cedure may be accomplished wholly graphically by using a pair 
of triangles to lay off vectors parallel to those specified on the 
chart, and transposing the proper lengths with a pair of dividers. 
This method of addition is practical only when not too many vec- 
tors are to be so added and when the ranges for the individual vec- 
tors are comparatively small. It may be used to accomplish 
results not possible by numerical addition, e.g., in the Eiffel 
diagrams for airplane-propeller design (2). Eiffel charts have 
their scaled vectors so sloped that the addition of abscissa com- 
ponents develops one function of the variables while the ordinate 
addition determines another, the interrelation of the two functions 
being defined by some charted line intersected by the graphical 
vectorial addition. 


Special purpose diagrams notwithstanding, numerical addition 
logographs plotted on semilog paper, as here described, will best 
serve for repetitive computations of functions of the form of 
T?U*V'"W* = K, which so often arise in engineering design. 
Logographs cannot, however, replace nomographs where the equa- 
tion to be solved involves an addition operation as well as a 
multiplication. 

Two more logograph charts are ofsered in this paper not only 
as examples of somewhat more complicated logograph construc- 
tion with appropriate explanation, but also for their intrinsic 
value in the calculation of industrial problems. For each of the 
two subsequent logographs, “turbulent flow of fluids in pipes,” 
Fig. 3, and “fluid flow through orifices,” Fig. 4, the basic equa- 
tions are given and their source, or development explained. 


TURBULENT FLow IN PIPEs 


Although Equation [2] involves seven variables, it represents 
in form a simple type of logograph. One involving a curve de- 
velops from Fanning’s equation for turbulent flow of fluids in 
pipes. Before presenting the logograph, a brief explanation is 
given of the underlying equation since it has not appeared in the 
literature in the form used here. 

The variables involved in turbulent flow in pipes with units 
modified where necessary to suit the range of a three-cycle 
logograph are as follows: 


Q = mass flow rate, M |b per min 
P,, P, = initial and final pressures, psia 

p = density of the fluid, pef 

D = diameter of pipe, in. 


f = friction coefficient ~ 0.00759(DZ/Q)®-? 
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L = length of pipe, ft in units of 100 
p = pressure drop, psi 
p/L = pressure gradient in the pipe line, psi/Cft 

r = pressure drop ratio = 10p/P; 

Z = viscosity of the fluid, decipoises 

N = Reynolds number = 37,900 Q/DZ 
In the foregoing units, assuming isothermal expansion and 
neglecting a logarithmic term which arises, Fanning’s equation 
for turbulent flow leads to 


— P2?)p,D§ 


Q = 3.215 X 10-+4/ 


This may be expressed by 


[Q?(L\ _ 2.067 as For all liquid flow or for 
pDs p = 2.067 X 10 gases with small p/L 


( L 200 _, J for gas flow 
\20r 7-087 X 10°") with large p/L 


The coefficient of friction f is now expressed according to 1/f = 
16(N)°-2 = 131.8 (Q/DZ)®-2. The use of a constant exponent on 
N in any expression for f is not acceptable for smooth pipe or for 
pipe with specified roughness, but is nevertheless supported ex- 
perimentally for industrial piping with its relative roughness de- 
creasing (though its absolute roughness increases) for the larger 
pipe diameters. Inserting this expression for 1/f leads to 


(L\* for all liquid flow or for 


(2 1.5 X 10°" ) large p/L 


Equations [8] are quite satisfactory for industrial piping up to 
Reynolds numbers of several million and offer an accuracy within 
a few per cent for Q. Greater precision is not required in ordi- 
nary practice since corrections for variations in original roughness 
of the pipe, for the effect of scaling or corrosion, and for the equiva- 
lent length of installed fittings are at best but approximate. 

It must be remembered that Fanning’s equation is in itself 
inaccurate in that it assumes isothermal gas expansion and also 
omits a logarithmic term. The equation may show considerable 
error for gas flow with large proportionate pressure drops and 
small frictional resistance. The inaccuracy increases nearly 
directly with pD/fLP,, where P,, is the logarithmic mean of P; 
and P2; it becomes objectionable (depending on the accuracy 
desired) when the pressure gradient p/L exceeds some 100 times 
fPm/D for gases, the error in Q then being 2 per cent (with units 
for p, L, P, D as previously specified). Fortunately this situa- 
tion seldom arises in industrial practice. 

A logograph for Equations [8] (a or b) is given in Fig. 3. The 
[8a] portion of the equation is a simple logograph covering five 
variables. The [8b] portion, used when greater accuracy is de- 
sired for gases and vapors that expand appreciably during the 
flow, substitutes P, for p in p/L with p taken as p; (compare 
Equation [8a] with [8b]) and adds a curve for the function of 
r(=10p/P,). This chart illustrates the use of a curved line. 

An innovation, included in Fig. 3, further indicates the versa- 
tility of the logograph: R for p of the gas can be determined 
graphically from its molecular weight, pressure, and temperature 
if the gas is considered to be ideal. This auxiliary use of any 
straight line of a logograph is a direct consequence of the fact 
that for each variable, the line on the chart reads a value of 
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R, = C + Mnlog Y. The line can thus be used as a slide rule 
for calculation by logarithms. 

Some sample computations from Fig. 3 may not be amiss. 
Air, for which the viscosity is 180 X 10~® poises, is to be trans- 
mitted through a 10-in-diam flue at nearly atmospheric condi- 
tions (60 F, 30 in. Hg) with p = 77 lb per 1000 cu ft. Fora 
flow of 150 lb per min (1950 cfm), the pressure gradient is de- 
sired. The solution for this problem is outlined in Fig. 3 and 
need not be repeated here. The p/L in this ease is small and no 
consideration need be given to the expansion (r = 10p/P,) during 
the flow. 

Another example will show the use of r. Here high-pressure 
air (60 F, P; = 100 psia) is being delivered through a 2-in pipe 
at a rate of 150 lb per min. The pressure gradient is desired. 
The solution is shown both neglecting r and including r. If de- 
sired, the p:(=0.524 pef) can be obtained from the chart with 
Rp = 10.07 + 21.34 + 20.0 — 25.71 = 25.70. 


Neglecting r Including r 


*) R=28.13—1.5 28.13—1.5 
; pi = 0.524 pef 25.70 25.70 
Pipe diameter = 2 in. 11.89 11.89 
Rate = 0.15 M lb per min 4.20 4.20 
P,/L = 100 (for 100 ft pipe) 20.0 
68.42 88.42 
Find p/L 
for R = 90 — 68.42 = 21.58 
p/L without r cor- 
rection = 23.3 psi/Cft 
Find r = 10p/P, 
for R = 90 — 88.42 = 1.58 
r= 2.70 0rp/L 
corrected = 27.0 psi/Cft 


FLow OrRIFIcEs 


An example of a more elaborate logograph is shown in Fig. 4. 
Again the equation applying is first discussed since it has not been 
given previously. The basic equation for the flow of fluids 
through a standard sharp-edged thin-plate orifice is given in hy- 
draulie form by 


Q = 31.5D°KYV pp..... 
where 


Q = mass discharge rate, |b per min 
D = diameter of orifice, in. 
K = orifice coefficient (approach factor included) 
Y = expansion factor for the gas 
pi = entrance density, pef 
p = pressure drop, psi 
P,, P: = initial and final pressures, psia 
8 = diameter ratio; orifice/approach 
r = pressure ratio: P,/P2 > 1.0 
k = specific-heat ratio 


A series of experiments conducted by the U. S. Bureau of 
Standards (3) has determined KY in the hydraulic form of flow, 
Equation [9], for 8 up to 0.6, and for expansion ratios r from 1.0 
to critical r, (r, corresponds to sonic velocities in the fluid stream). 
The experimental data are very well correlated (to 1 per cent) by 
KY = (0.6 + 0.484)r~1/5* for flange-tap or throat-tap pressure 
readings. This expression is sufficiently accurate for the pur- 
poses of this paper and will serve for liquids by taking k = ©. 

More recent and elaborate experimentation (4) has indicated 
that the coefficient is also a function of the actual pipe diameter 
and of Reynolds number, but this refinement is unnecessary here. 
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The simple expression for KY is substituted in Equation [9] for 
flows at pressure drops below critical r,. For flows with drop 
greater than indicated by r,, the effective r equals r,, the AY for 
the orifice becomes constant, and the effective pressure drop p is 
P\(r. — 1)/r,... Thus 


Or'/#* 
dh - = 31.5 (for gases with r < r,)..... 
(0.6 + 0.48") (p,p)'/? 


Take k = © andr, = © in Equation [10a] 


\ for liquids at 
{all values of r 


re , for gases with } 
(0.6 + 0. D(p,P;)' /s 1 Ir>r, 


The development of the logograph for Equation [10a] gives 
the usual straight lines for Q, D, p:, and p. A curve is calculated 
for the term (0.6 + 0.48‘) up to 8 = ?/;;. measurements are un- 
dependable beyond that value. 

The principal limitation of the logograph arises in plotting the 
term r'/**, As in nomographs, functions with mixed variables 
cannot be represented except by a family of seales or lines. In 
Fig. 4 lines for r (up to r,) are given, respectively, fork = © 
(all liquids), and for k = 1.7, 1.4, 1.1, allowing for interpolation 
of k between these values. It is evident from the chart that the 
effect of the value of k for gases is small and a rough interpola- 
tion is satisfactory. No addition constant is included in the 
logarithm of the r function, hence for liquids with k = o@, the R, 
is zero, i.e., r and k are both neglected in using the chart for 
liquids. 

The logograph for Equation [105] is the same as for [10a] ex- 
cept that p is replaced by P; and the function of r, becomes a 
constant depending only on k for the particular gas involved. 


It can be shown that 
k 
+ 
r, = | — 
9 


Although calculations for the logograph may be made directly 
from the foregoing expression for r,, simpler empirical relations 
are suggested for extended calculations as follows 


. = 0.61k + 1.037 (to 0.1 per cent) 


r, \* 
1.17 + (to 0.1 per cent) 


In using Equation [10b] or the chart for gas flow with r far into 
the supercritical range, it must be remembered that the orifice 
calibration has not been experimentally determined in that region. 
The assumption that KY is constant for r > r, seems logical but 
may lead to some inaccuracy if carried too far. Orifices should 
not be used under conditions where r is much larger than r,. 

The logographs for Equation [10a] and [10b] may be combined 
into one if proper directions are given for its use. In this way 
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Fig. 4 covers fluid flow through orifices for all cases and condi- 
tions: Liquids or gases for their complete range from r = 1.0 to 
r = r,, and forr > r,. 

No example appears in Fig. 4, but two are given as follows: 
The simplest case is for liquid flow where r(= P;/P2) is not in- 
volved. A sharp-edged orifice of 1 in. diam is being used in a 
2-in. pipe line (8 = 0.5) with water (p = 62.4 pef).. The pressure 
drop (p) is 10in. Hg. Find rate of discharge (Q). 


D = Lin. R = 15.00 
Orifice 0.29 
Water: p = 62.4pef 19.41 


Drop: p = 10in. Hg 22.50 + 1.16 


58.36 


Find Q for R = 90 — 58.36 31.64 


(Q = 360 lb per min for R 


9.14 + 22.5 


Using the same ome as before for air (kK = 1.4) with P; = 
100 psia at 60 F (p 0.524 pef) and P, = 80 psia in Case 1 (for 
r <r,) or P; < 53 sled in Case 2 (for r> r,), find the rate of dis- 
charge (Q). 


Orifice 1 P= 1 im R = 15.00 15.00 
| 8 = 0.5 0.29 0.29 
Air: p, = 0.524 pef 27.30 27.30 
p = 20 psi 21.37 
r= P,/P; = 1.25 0.17 
P, = 100 psia 18.75 
r>r.fork = 1.4 1.70 
64.13 63 
Find Q for R = 90 — 64.13 = 25.87 
Q for P, at 80 psia = 60.6 Ib per 
min 
Find Q for R = 90 — 63.04 = 26.96 
Q for P2 < 53 psia = 84.7 lb per 
min 
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Some Effects of Work Positioning 
When Face-Milling Steel 


By FRED W. LUCHT,! DETROIT, MICH. 


All of the work that has been done and all of the observa- 
tions which have been made to date on the subject of face- 
milling steel with carbide cutters have indicated clearly 
that the longest cutter life is obtained when (1) the cutters 


have double negative rake angles, and (2) the full depth of 


cut is taken along some definite corner angle. Until re- 
cently, not much thought had been given to the position- 
ing of the work in relation to the cutter, and only in limited 
cases has any consideration been given to the fact that 
the radial engagement angle between the face of the tooth 
and the edge of the work where the cutting edge enters it 
should be negative. Milling operations are frequently 
found where the diameter of the face mill is too small to 
permit the proper positioning of the work to a setting 
which gives longest cutter life. Under such a condition, 
there seems to be no definite means available which will 
assist in determining the diameter of a face mill capable 
of producing the maximum number of pieces per grind. 
This problem of determining optimum cutter diameter 
for a given face-milling job, and the proper positioning of 
the workpiece in relation to the cutter, led to a series of 
studies, the results of which are reported in this paper. 


INTRODUCTION 


LL of the work that has been done and all of the observa- 

A tions which have been made to date on the subject of 

face-milling steel with carbide cutters have indicated 

clearly that the longest cutter life is obtained when (1) the cutters 

have double negative rake angles, and (2) the full depth of cut is 
taken along some definite corner angle. 

There are certain operating conditions in every milling-machine 
setup which should at all times be maintained as nearly ideal as 
possible. These objectives are design, manufacture, and sharp- 
ening of the cutter; power capacity, feed and speed of the ma- 
chine; and a flywheel to smooth out the roughness obtained from 
the necessarily coarser-tooth cutters removing stock at increased 
table travel. But even after all this has been done, the cutter 
performance and the number of pieces obtained per cutter grind 
still will show noticeable variations as the work position is shifted 
at right angles to the direction of feed of the work past the cutter. 

Until recently, not much thought had been given to the posi- 
tioning of the work in relation to the cutter, and only in limited 
cases has any consideration been given to the fact that the radial 
engagement angle D, Fig. 1, between the face of the tooth and 
the edge of the work where the cutting edge enters it, should 
be negative. It isinteresting to note that when this angle has been 
negative, the number of pieces per grind has at least been more 
consistent than when no attention at all was paid to it, even 
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CENTER LINE 
OF CUTTER 


WORK PIECE 


Fic. 1 Work Position InriueNnces Lire 
though the cutter may not have produced its maximum number 
of workpieces per grind. 

It has also been found that a face-milling cutter usually gives 
a smooth cutting action together with the maximum number of 
pieces per grind when the workpiece is positioned about as shown 
at B. Position C generally rates second as to the number of 
pieces per grind, with quite consistent results. Position A rates 
third, with somewhat erratic results. This difference in results 
has been noticed for years while observing the face-milling of 
steel with high-speed steel cutters, but it has become more pro- 
nounced when milling steel with carbides. 

Milling operations are frequently found where the diameter of 
the face mill is too small to permit the proper positioning of the 
work to a setting which gives longest cutter life. Under such a 
condition, there seems to be no definite means available which 
will assist in determining the diameter of a face mill capable of 
producing the maximum number of pieces per grind. 

This problem of determining optimum cutter diameter for a 
given face-milling job, and the proper positioning of the work- 
piece in relation to the cutter, resulted in the investigation to be 
discussed. 


Deralts or Test PROCEDURE 


Milling Machine. A No. 5-HM vertical milling machine in 
the engineering department of the author’s company was used. 


Power available: 


Feed and rapid traverse, hp............ a) 
Wattmeter: 
30 
Feed and rapid traverse, kw............ 12 


Face-Milling Cutter. An 8-in-diam single-tooth face-milling 
cutter, enshrouded with an 18-in-diam x 4-in-thick steel fly- 
wheel, was used, Fig. 2. The tool-bit slot is parallel to the axis - 
and the tool bits are clamped in place by setscrews. The com- 
bined weight of the cutter head flywheel tool unit was 255 Ib. 

Tool Bit. A total of twelve tool bits, as shown in Fig. 3, was 
used for this test. These tools were tipped with Carboloy Grade 
78B, a general steel-milling grade. 


AGS 
---------5 | CUTTING 
DIAMETER 
= 
| 


4 


Fig. 2. To ELImMInaTE VIBRATION, CUTTER Was ENSHROUDED IN A 
FLYWHEEL 


Both carbide and steel on all tools were rough-ground on a 
single-point tool grinder using a 60-grit silicon-carbide wheel. A 
220-grit resinoid-bond diamond wheel was used for the final sharp- 
ening of the carbide only. 

The cutting edges on all tools were inspected at 20 magnifica- 
tions. Each edge along the corner angle and the chamfer was 


CONCAVE 
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14 

Fig. 3 Aut Toot Birs Usep Were Grounp To CUTTING 
ANGLES 


brushed lightly with a 320-grit silicon-carbide stone at an angle 
of about 45 deg to the face of the tool. This hand-honing re- 
moved any slight irregularities before the tool was assembled in 
the cutter head. 
Positioning Tool in Cutter Head. Fig. 4 shows the method 
. used to position the tool bit accurately in the tool-bit slot in the 
cutter head. Two sets of shims were required; one set, 0.100 to 
0.200 in. thick, was used to maintain the 4-in. radius which gave 
the 8-in. cutting diameter; the second set, 0.180 to0.310in. thick, 
was used to maintain the 10-deg negative radial rake. This 
arrangement eliminated holding the corner location on the tool 
to close limits and facilitated correction for the stock which was 
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SET SCREWS 
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TO MAINTAIN 4° RADIAL 
DISTANCE 


Fie. 4 Bits WERE ACCURATELY PosITIONED IN CUTTER 
Heap By Alp oF SHIMS 


ground from the face of the tooth, the corner angle (side cutting- 
edge angle on the tool), and the face of the cutter (end cut- 
ting-edge angle on the tool) every time the tool bit was sharpened. 

Work. For all face-milling runs, S.A.E.-1045 forged-steel billets 
were used. These billets were 1'/2 X 3 X 12 in. in size. They 
were heat-treated and drawn to a Brinell hardness of 190 to 200. 

Machine Setup. Fig. 5 shows the machine setup that was used 
while making all milling runs. In this setup the steel billet, or 
workpiece, was held rigidly in a plain vise in relation to the cutter, 
as shown. 

Speed. The 8-in. face mill was operated at 238 rpm (498 sfpm) 
because previous runs had indicated that this speed gave the 
longest cutter life when milling S.A.E. 1045 steel having a Brinell 
hardness of 190 to 200. 

Feed. The following feeds were used to permit exploration of 
a wide range of face-milling activity: 


Table travel, ipm Feed per tooth, in. 


2 0.0084 
21/2 0.0105 
3 0.0126 


3!/2 0.0147 


Depth of Cut. A depth of cut of 0.150 in. was taken on all 
runs. This is an average depth of cut which shows wear similar 
to that caused by deeper cuts, yet which does not involve the 
machining of excessive amounts of steel as would the deeper 
cuts. 

Operating Detail and Observations. In order to determine the 
effect of work positioning in relation to the face mill while all 
other conditions were kept constant, as has been outlined, the 
following runs were made with the work: 


1 Shifted horizontally. 
2 Shifted in a direction perpendicular to the table travel. 
3 Shifted to each one of the positions listed in Table 1. 


The “angular position E” represents the position where the cut- 
ting edge on the 8-in-diam tool first contacts the work. 

The dimension F gives the distance from the point at which 
the cutting edge on the 8-in-diam tool first contacts the work, to 
the 8 in. diam measured perpendicularly to the direction of feed. 
During the milling runs, the work was shifted through a series 
of positions as listed from one extreme position where E equaled 
10 deg and F was 0.061, to the other extreme position where E 
equaled 127 deg 33 min and F was 6.437. At each of these two 
extreme positions, the outside diameter of the face mill overlapped 
the workpiece '/j¢ in. 

Each tool was run until the cutting edge showed the first sign 
of breakout. This was detected either from the marking on the 
inner side of the chip which came from the cut; from the lines 
left: on the work surface by the corner angle; or from the change 
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DIRECTION OF 
WORK POSITIONING 


DEPTH 
OF cuT 
AXIAL RAKE | ' 
I I 

' 

BILLET | 

T T 

FECD FLYWHEEL 
Fie. 5 


TABLE 1 DIMENSIONS USED FOR POSITIONING WORK IN 
RELATION TO FACE MILL 
Angular Distance Angular Distance 

position £, F, position E, F, 
eg in. deg in, 
10 0.061 70 2.632 
20 0.241 75 2.965 
30 0.536 80 3.305 
35 0.723 90 4.000 
40 0.936 95 4.349 
45 1.169 100 4.695 
50 1.429 105 5.035 
55 1.706 110 5.368 
60 2.000 120 6.000 
65 2.310 127-33 6.437 


® Reported in deg-min. 


in sound made by the milling operation. The distance traveled 
by the cutter, and the power readings, were recorded for analysis. 

The cutting edge was inspected under a 20-power microscope 
and a record made in the form of an enlarged (to scale) freehand 
sketch showing the development of the cutting edge along the 
corner angle, the chamfer, and the face of the cutter. This sketch 
showed the width of the wear land behind the cutting edge along 
each of these three edges. It also showed the distance the cut- 
ting edge had worn back from the original corner-angle outline, 
and the width of the crater on the face of the tooth behind the 
cutting edge. All unusual signs of breakdown of the cutting 
edge were recorded on this sketch to serve as an aid in determining 
why the tool failed. 

Using the twenty different work positions and the four different 
feed rates, a total of 190 runs was distributed as evenly as pos- 
sible over the 12 tools. This gave 16runs for each of 10 tools and 
15 runs for each of the remaining two tools. 

An average of the distances traveled up until the time of tool 
failure was plotted, Fig. 6, with its work position for each feed 
used. An average of all the runs made, irrespective of the 
feeds used for each work position, was also plotted. 
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WORK POSITION 
ANGULAR DISTANCE 
POSITION E F 

(Degrees) (Inches) 
10 .061 

20 241 

30 536 

35 723 

40 

45 1.169 

50 1.429 

55 1.706 

60 2.000 

65 2.310 

70 2.632 

75 2.965 

80 3.305 

90 4000 

95 4.349 
100 4.695 
105 5.035 
110 5.368 
120 6.000 
127°-33’ 6.437 


Serup AND TABLE SHOWING WorK Positions USED 


The runs were made first at 2 ipm feed, i.e., 0.0084 in. feed per 
tooth. It was soon found that the various points arranged 
themselves in an irregular outline and also that the length of runs 
seemed to be somewhat erratic. Later, many additional runs 
were made at 0.0105, 0.0126, and 0.0147 in. feed per tooth, and it 
was found that not only did each set of runs follow the same 
general pattern but also that the lengths of runs were much more 
consistent than were those for the 0.0084-in. feed per tooth. 

Analysis of How Tooth Contact Affects Cutter Life. To assist 
in determining why all the curves followed a definite general 
pattern, an enlarged wooden model, as shown in Fig. 7, was 
made of the cutter-work setup. 

The model is shown in outline in Fig. 8 and is 10 times actual 
size. The base of the model is divided into angular spacing 
about a pivot point C. The block D, representing an exact 10- 
times enlargement of the cutting’ portion of the tool, is mounted 
on the end of the arm so that the intersection of the 15-deg 
corner angle and the 5-deg concavity angle is at a 40-in. radius. 

Ten work blocks were made, as shown in Fig. 9, to the forms 
given in Table 2. This represents the exact contour cut by the 
cutter tooth when the entrance portion of the work is located at 
each one of the respective angular work positions. 

To determine the type of contact for any given angular position 
of the cutter tooth, the work block for that angular position was 
placed against the guide block and slid past the 40-in. radius for 
a distance comparable to the feed per tooth, i.e., 0.105 in. for a 
0.0105-in. feed per tooth. The cutter tooth was then swung in 
the direction shown until it contacted the workpiece. The type 
of tooth contact was observed. This procedure was repeated 
for each angular position. The results were compiled and the 
proper sequence of tooth contact for each position was recorded. 

Figs. 10 to 18, inclusive, are close-up views of the various pos- 
sible types of initial contacts between the cutter tooth and the 
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work. All of the original photographs were taken looking out- 
ward from the center of the cutter in a direction along the 10-deg 
negative radial rake angle on the face of the tooth. 

Fig. 10 covers the conditions which exist when the point of 
initial tooth contact with the work is at E on the face of the tooth 


where it intersects the face of the cutter and is at « distance from 
the cutting edge on the chamfer equal to the feed per tooth. 
This is followed by point C, and finally by point A, contacting 
the work. This occurs when the tooth enters the cut anywhere 
from the zero position up to the 63-deg 45-min position. 
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TABLE II 
ANGULAR ANGLE ON EDGE OF WORK 
‘a POSITION A 8 
| 10-170 53°-32’ 80°-36' 
20-160 37°-06’ 71°-18’ 
30-150 27°-50’ 63°-32’ 
“4 
40-140 22°-30’ 57°-19’ 
45-135 20°-39’ 54°-46' 
50-130 19-13’ 52°-35' 
"| + 60-120 17°-09 49°-07 
5 
70-110 15°-55’ 46°-47' 
Fig. 9 Work Biocks Usep WHILE DETERMINING 80-100 15°-13’ 45°-27' 
Tyee or Tootu Contact 
90 15°-00’ 45°-00’ 


TABLE2 OUTLINE OF FORM MILLED ON ENTRANCE EDGE OF 


WORK FOR EACH WORK POSITION USED 


Angular 
position, Angle on edge of work, deg-min— 
deg A 
10-170 53-32 80-36 
20-160 37-06 71-18 
30-150 27-50 63-32 
40-140 22-30 57-19 
45-135 20-39 54-46 
* 50-130 19-13 52-35 
60-12 17-09 49-07 
70-110 15-55 46-47 
80-100 15-13 45-27 
90 15-00 45-00 


At the 63-deg 45-min position, the initial contact point of the 
face of the tooth with the work still remains at Z, as is shown in 
Fig. 11. However, as the cut progresses, the entire face of the 
tooth along the corner angle gives a line contact from A to C. 
This line contact is at a distance from the cutting edge equal to 
the feed per tooth. 

In Fig. 12 we can see that between the 63-deg 45-min position 
and the 70-deg 45-min position, the face of the tooth makes con- 
tact with the work in the order of points E at the face of the 
cutter; A at the top of the cut; and C at the intersection of the 
corner angle and the chamfer. 

Fig. 13 shows the set of conditions which obtain at the 70-deg 
45-min position where both A and E on the face of the tooth con- 
tact the work at the same time. This is followed by point C, 
also on the face of the tooth, and making the final contact. The 
point A is located at a 0.150-in. distance, which is the depth of 
cut from E at the face of the cutter. This marks the beginning 
of the true double-negative cutting action, which extends up to 
the 100-deg position. 

Between the 70-deg 45-min position and the 90-deg position, 
the initial point of contact is at A. This is followed by contact 
at E, and finally by contact at C. Fig. 14 clearly illustrates this 
set of conditions. 

When the cutter tooth contacts the work at the 90-deg posi- 
tion, the initial contact is still at A. This is on the face of the 
tooth, as illustrated in Fig. 14. This is, however, followed by 
a line contact which is along the face of the tooth extending 
from C to E. This is parallel to the chamfer and is shown in 
Fig. 15. 


Fig. 16 shows the initial tooth contact being made on the face 
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of the tooth at A, as illustrated in both Figs. 14 and 15. 
This is followed by contact at C and finally at Z. This set of 
conditions prevails from the 90-deg position up to the 100-deg 
position. 

At the 100-deg position, the initial contact between the face 
of the tooth and the work is a line connecting point A with B. 
The length of this line represents the feed per tooth. Fig. 17 
shows this condition. At this position the engagement angle be- 
tween the face of the tooth and the entering side of the work 
changes from negative to positive. In other words, at this posi- 
tion the initial contact point moves from a point A on the face 
of the tooth, which is at a distance equal to the feed per tooth 
away from the cutting edge, up to a point B on the edge itself. 

Finally, Fig. 18 shows the condition which exists at all angular 
positions beyond the 100-deg position. The initial contact be- 
tween the cutting tooth and the work is at a point B, which is 
located at the cutting edge itself. This is followed by cutting- 
edge contact at D and then at F. 


ANALYsIS OF RESULTS 


The data, compiled in Fig. 6, quickly indicate that a face- 
milling cutter having a 10-deg negative axial rake; a 10-deg nega- 
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tive radial rake; a 15-deg corner angle, and a '/s:-in. K 45-deg 
chamfer: 

1 Gives the longest cutter life when the nose or corner on the 
cutter enters the cut anywhere between the 70-deg 45-min and 
100-deg work positions. The reason for this is the point A on 
the face of the tooth which contacts the work first. 

(a) A0.0105-in. feed per tooth gives the longest as well as the 
most uniformly consistent cutter life between the 70-deg 45-min 
and 100-deg work positions. 

(b) A 0.0084-in. feed per tooth gives the shortest cutter life 
but has a tendency to cover a wider range of work positioning 
between 63 deg 45 min and 100 deg. Evidently the reason for 
this is the second point of contact with the work, which happens 
to be at A even though its initial point of contact is at EZ. 

(c) The longest cutter life for a 0.0147-in. feed per tooth is 
confined within the narrowest range of work positioning for the 
four feeds used. 

(d) At about the 90-deg tooth-entry position, the cutting 
edge along the 45-deg chamfer contacts the entry edge of the 
work broadside. This actually tends to decrease the length of 
run by aslight amount. An analysis of all tools run at this posi- 
tion shows that the initial breakdown occurs along the chamfer. 
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2 The life of the cutter is short and erratic when the cutter 
nose enters the work first anywhere between zero position and 
the 63-deg 45-min angular work position. This is due to the 
fact that the point # on the face of the tooth, which is below the 
point where the chamfer intersects the face of the cutter, con- 
tacts the work first. 

This is substantiated by an analysis of the wear record of all 
the tools run at these positions, which indicates that a chip out 
of the cutting edge at Z is followed by a complete collapse of the 
chamfer. 

(a) I[t will be noted that an 0.0084-in. feed per tooth shows the 
longest cutter life, and that the 0.0126, 0.0106, and 0.0147-in. 
feeds per tooth, in the order given, show the shortest cutter life 
between the zero-deg and 55-deg work positions. 

(b) At the 45-deg angular position, all of the feeds per tooth 
gave practically a zero cutter life. Plenty of runs were made at 
this work position to verify the results. There is no indication 
that this is the result of a change in the type of tooth contact be- 
cause the same type of contact exists all the way from the zero- 
deg to the 63-deg 45-min angular position. 

An analysis of the wear record of all the tools which were run 
at the 45-deg position showed that the cutting edge in the vicinity 
of the intersection of the corner angle and the chamfer consis- 
tently failed by spalling off in the same manner. It was assumed 
that this was due to the direction of, and also the intensity of, 
the impact load at the time the tooth hit the work. To verify 
this, an analysis was made of the major cutting forces at the time 
of the initial tooth impact, using the assumption that the longi- 
tudinal force (in the direction of feed) is 30 per cent of the tan- 
gential force, as outlined in Fig. 19. 
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Fig. 19 GrapnHicaL ANALYSIS OF DrRECTION OF RESULTANT TOOTH- 
Impact Force, at 45-Dea@ Position 


This type of analysis was applied to each work position from 
the zero position to the 90-deg position. The angle K, which 
gives the relationship of the resultant force to the peripheral re- 
lief angle behind the cutting edge for each one of the various work 
positions, was determined graphically and then plotted as shown 
in Fig. 20. 

It will be noticed that for the 45-deg position, which is shown 
in Fig. 19, the resultant-force line lies 3 deg 30 min within the 
peripheral-relief-angle line. It will also be noted that the angle 
K is zero for a work position of 32 deg. This means that the 
direction of the resultant force coincides with the peripheral re- 
lief angle behind the cutting edge. This also means that for all 
work-position angles which are less than 32 deg, the direction of 
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Fig. 20 


the resultant force lies outside the peripheral relief angle, and 
shows why there is an inclination to spall off behind the cutting 
edge. 

(c) There is a tendency for cutter life to decrease slightly at 
the 63-deg 45-min work position. This is apparently owing to 
the fact that at this position the entire cutting edge along the 
corner angle enters the work at the same time. This causes a 
momentary increased shock, which tends to break down the 
cutting edge. 

(d) At the 70-deg 45-min work position, the face of the cutter 
tooth contacts the work at both A and £ at exactly the same time. 
This momentarily increased contact also has a tendency to reduce 
cutter life by a slight amount. 


RatinG Work Position By Torat Distance Curter Is In Con- 
Tract WirH Work 


It is a known fact that when work is so positioned in relation 
to a face mill that the center line of the work and the center line 
of the cutter, measured in the direction of the feed, actually coin- 
cide, the are of contact B between the cutter tooth and the work 
is at its minimum, Fig. 21. This are of contact increases grad- 
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WITH WORK FOR ONE INCH LENGTH— EXPRESSED IN FEET 


“60 70 80 90 
ANGULAR POSITION (DEGREES) 
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ually as the work position is shifted to either side of this central 
position. It is at its maximum under the present set of condi- 
tions, either where E equals 10 deg and F equals 0.061, or where 
E equals 127 deg 33 min and F equals 6.437, as we saw listed in 
Table 1. 

Table 3 shows the length of this arc of contact B, expressed 
in inches, for the various work positions for the 1!/,-in. width of 
cut which was used in the test runs. This arc of contact (tooth 
path) has been called by the mathematical term ‘an arc of a 
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looped trochoid.”” Since the width of cut is narrow, however, 
it will be treated here as an are of the cutter circumference. 
This will give a close approximation to the theoretical curve 
already mentioned. 

Table 3 also shows the total length of these ares of contact ex- 
pressed in feet for a l-in. length of cut for the various work posi- 
tions when using an 0.0084-in. feed per tooth. This is obtained 
by multiplying the length of the are of contact for one tooth pass 
by the number of tooth engagements, with the work in a 1-in. 
length of cut far the given feed per tooth. (This is expressed in 
feet to reduce the number of digits in the figures.) The follow- 
ing example shows the method used to arrive at the total length 
of are of tooth contact with the work for each inch of length of 
cut when using the 80-deg work position and the 1'/2-in. width 
of cut 

1.509 (Length of are of i contact) X 238 (rpm) 


= 14.96 ft 


2 (Inches per minute) X 12 (inches to feet) 


The lengths, given in Table 3, were compiled for the several 
work positions, and the graph shown in Fig. 21 was plotted from 
them. This graph shows that there is a marked difference in 
the distance which a cutter tooth has to travel as the work posi- 
tion changes from either side of the central position where the 
center line of cutter and center line of work coincide. 

This information is also expressed on a percentage basis, using 
the position where the arc of contact is shortest, as at 100 per cent. 

In order to determine the effect of changing the width of the 
work on the length of are of tooth contact with the work, similar 
data were compiled for both 1-in. and 2-in. cuts. 

Using the data compiled for the 1'/.-in-width cut in Table 3, 
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TABLE 3 EFFECT OF WORK POSITIONING AND WIDTH OF CUT ON LENGTH OF TOOTH 
Angular Total length are-of-con- Per cent total length of 
position Length arc-of-contact tact tooth makes. with arc-of-contact with work 


of entrance tooth makes with work, B, 


point on in. 
work, E W = W = W = 

deg 1 in. 1!'/2 in 2 in 

5 2.565 3.253 3.857 

10 2.278 2.960 3.560 

20 1.843 2.487 3.066 

30 1.534 2.136 2.690 

40 1.322 1.884 2.414 

50 1.178 1.708 2.219 

60 1.065 1.593 2.094 

70 1.028 1.528 2.031 - 

80 1.004 509 2.028 9.95 
82-49-09 1.002 9.94 

90 1.011 1.538 2.094 10.02 

100 1.052 1.625 2.258 10.43 

110 1.138 1.802 2.608 11.28 

120 1.298 2.167 12.87 
127-32-39 2.954 

130 1.621 a 16.08 
137-15-15 2.276 3 22.57 


and shown in the graph in Fig. 21, a new set of tool curves as 
shown in Fig. 22 was developed to take the place of those shown 
in Fig. 6. 
to tool failure, 
of contact with the work for each inch length of cut,’’ expressed 
in feet, and plotting the result against the various work positions. 


This was done by multiplying ‘“‘the distance traveled 


expressed in inches, by the “total length of are 


This set of curves follows the same general pattern as those 
shown before in Fig. 6, and these curves: 

1 Amplify the point that at both the low and the high angular 
work positions, the rapid failure of the cutting edge on the cutter 
tooth is accentuated by the increased distance that it is actually 
in contact with the eut. 

2 Clearly show that 
105 deg. 

3 Also show the effect of the tooth engagement with the work 
at the 63-deg 45-min, 70-deg 45-min, 90-deg, and the 100-deg 
work positions in about the same manner as when rated on the 
actual distance traveled to point of tooth failure. 


there are critical work positions at 45 and 


Errecr OF CHANGING CORNER ANGLE ON WorK PosITIONING 

It frequently happens that the outline of the workpiece, where 
the cutting edge first contacts it, is of such a shape that a corner 
angle other than 15 deg is required to keep the corner of the cutter 
from hitting the work first. 

Fig. 23 (a) shows a condition where a cutter tooth having a 
15-deg corner angle and a small chamfer contacts the work first 
next to the face of the cutter. This naturally results in short 
cutter life because the intersection M of the chamfer at the face 
of the cutter usually chips out first. 

Fig. 23 (b) shows the same work outline. 
tooth has been reground to an increased corner angle of 45 deg, 
which takes the initial contact with the work at some point NV 
at a distance from the intersection of the corner angle and the 
chamfer. This slight change of conditions prolongs the life of 
the cutter. 

When all the data from the test runs made with a face mill 
having a 15-deg corner angle used on work with a square corner 
(90-deg included angle) had been compiled, it was learned that 
the best work-position angles were between 70 deg 45 min and 100 
deg. The analysis of the !/,-in. x 45-deg chamfer angle showed 
that the best work-position angles for a 45-deg angle were be- 
tween 90 and 100 deg. 

The same analysis also showed that the high limit of this range 
of best work-position angles was always a constant for a given 
negative radial rake angle on a cutter, and was equal to 90 deg 
plus the negative radial rake angle on the cutter, irrespective of 
the corner angle. 


However, the cutter 


work for each inch length 


using position of minimum 
contact as 100 per cent 


W= W = W W= 
2 in. 1 in. 1'/2 in. 2 in. 
38.25 256 215 191 
35.31 227 197 177 
. 66 30.40 184 165 152 
26.67 153 142 133 
65 23.93 132 125 119 
d. 22.01 117 113 110 
5.8: 20.77 106 106 104 
5.16 20.14 102 101 100 
14.96 20.11 100 100 100 
15.24 20.77 101 102 104 
16.06 22.40 105 107 112 
17.83 25.86 113 119 129 
21.50 130 144 Gas 

29.25 aa 195 
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The analyses showed that the low limit of this range of the 
best angular work positions is at the work-position angle where 
the initial point of contact of the face of the cutter tooth and the 
work begins at MV, in Fig. 23. A change in the corner angle on 
the cutter changes the angular work position where the initial 
contact at the point A, which was shown previously in Fig. 6 
actually begins. 
is 70 deg 45 min. 
position is 90 deg. 


For a 15-deg corner angle, the work position 
For a 45-deg corner angle, the angular work 


The curve X shown in Fig. 24 was developed as an aid in ob- 
taining the best angular work positionings for other corner angles. 
This curve covers the work positions shown previously in Fig. 11, 
where points A and C contact the work at the same time. This 
curve shows that as the corner angle is increased with all other 
conditions identical, the range of operation of the best angular 
work position decreases, and vice versa. 

Curve Y shows a similar line plotted to indicate where the 
face of the tooth makes initial contact at A and E at the same 
time, which is followed by contact at C. This set of conditions 
was shown in Fig. 13. The location is important because it 
tends to reduce cutter life. It also tends to deerease the width 
of range of longest cutter life as the corner angle increases. 

All tests made while using the cutting angles of 15 deg corner 
angle, 10 deg negative radial rake, and 10 deg negative axial rake 
clearly indicated that the cutter life would tend to be at its lowest 
whenever the initial tooth contact with work would be at an 
angular position of 70 deg 45 min or less. This forces the work 
positions which gave the longest cutter life into the narrow oper- 
ating band between 70-deg 45-min and 100-deg angular positions, 
as indicated by the curve marked 0.0105, which was previously 
shown in Fig. 6. This same curve also shows practically no cut- 
ter life for all angular positions of 60 deg or less. 
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The last-mentioned conditions offer a real challenge, and so a 
series of 60 runs was made with 40 tools while using increased 
corner angles to determine some means whereby the cutter life 
in general could be improved. The tools used were ground as 
follows: 14 tools to a 25-deg corner angle, 13 to a 35-deg, and 13 
to a 45-deg corner angle. All other tool angles were kept the 
same as were ground on the tools which had the 15-deg corner 
angle, except for those tools with the 45-deg corner angle. In 
this case no chamfer was ground between the corner angle and 
the face of the cutter. Instead, it was broken lightly with a 
320-grit silicon-carbide stone. A total of 20 runs were made for 
each set of tools which had the same corner angle, while using 
the work positions ranging between the 10 and 90 deg. 

All the operating conditions were duplicated while using a 
table travel of 2'/: ipm (0.0105 in. feed per tooth). The distance 
traveled in inches per minute up to the time of tool failure was 
plotted for each one of the various work positions and corner 
angles, as shown in Fig. 25. The tool-life curve, previously 
shown as Fig. 6, for the same feed per tooth when using a 15-deg 
corner angle was also duplicated. 


GENERAL CONCLUSIONS 


A comparison of the four curves shows that for a face mill hav- 
ing a 10-deg negative radial rake and a 10-deg negative axial 
rake and operated under the conditions as already outlined: 


1 Cutter life reaches maximum when a 15-deg corner angle 
is used. The only way this maximum cutter life can be obtained 
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is by using special care to see that the initial point where the 
tooth enters the work lies between the 70-deg 45-min and the 
100-deg work positions. 

2 The limited long-life working range between the 70-deg 
45-min and the 100-deg positions, when using a 15-deg corner 
angle, makes it necessary for the face mill to overhang the en- 
trance side of the work by an increased amount. This results 
in the use of face mills slightly larger in diameter than have been 
ordinarily used on most face-milling jobs. 

3 Cutter life is at its minimum with a 15-deg corner angle 
when the initial point where the tooth enters the work lies be- 
tween the zero-deg and the 70-deg 45-min work positions. 

4 Cutter life can be improved by using corner angles greater 
than 15 deg when it becomes necessary to operate a face mill 
within the zero-deg to 70-deg 45-min work positions. 

5 When a 25, 35, or 45-deg corner angle is used, the cutter 
life for the 70-deg 45-min to 100-deg work position is only from 
50 per cent to 60 per cent of that obtained from a face mill which 
has a 15-deg corner angle. 

6 Any face mill with a 45-deg corner angle will produce the 
maximum cutter life when practically no attention at all is given 
to work positioning. The 35-deg and then the 25-deg corner 
angles rate next in the order given. 

7 Mediocre but somewhat consistent results can be obtained 
with a face mill having a diameter slightly larger than the work 
width, provided that it has a 45-deg corner angle. 

8 The face mill can be adapted to various face-milling opera- 
tions by grinding an appropriate corner angle on it and ‘then 
properly positioning the cutter entry edge of the work to the 
cutter. This indicates the possibility of standardizing carbide- 
tipped face mills and adapting them to a large number of jobs. 

9 Cutter life was shortest for the 45-deg work position when 
operating a face mill with a 15-deg corner angle at all feeds per 
tooth. When the corner angle was changed to either 25, or 35, 
or 45 deg, the cutter life was considerably longer for the same 
position. However, the one work position which gave the re- 
duced cutter life was transferred to two positions, one at 40 deg 
and the other at 50 deg, on either side of the 45-deg position. 
This set of conditions is worth further analysis. It must be kept 
in mind that all conclusions were reached as a result of using a 
face mill on work having a 1'/2-in-width cut. 

While these tests were being run, it was observed that when 
runs were made at the critical 45-deg work-entry position the 
cutter life could be increased many times for some cuts wider 
than 1'/, in., even though the stock removal was much greater. 
This seems to indicate that the position where a cutter tooth 
leaves the work or a possible variation in cutter-flywheel-spindle 
momentum may affect cutter life. This is another phase of work 
positioning which will be given extensive study in the future. 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until March 11, 1946) 
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In this paper preliminary results are reported on the 
strength characteristics and forming limits of various 
aluminum-alloy sheet, when subjected to hydraulic pres- 
sure over a circular area at temperatures up to 500 F. The 
strain distributions were analyzed by means of a photo- 
grid, after these bulges failed. The bulges exhibited a 
practically balanced biaxial strain state over most of the 
contour with the exception of a very narrow range of local 
deformation in the vicinity of the fractures. The maxi- 
mum meridional strain outside the necked area observed 
at the pole of a bulge, in spite of its biaxial] nature, gener- 
ally exceeded the uniform elongation known from tensile 
tests. 
creased considerably with increasing temperature if the 
temperature exceeded a certain critical value, between 
250 and 400 F, depending upon the alloy. The heat- 
treated conditions of the alloys 24S and 61S were only 
slightly affected by the testing temperature, while the 
forming limits (uniform stretch) of 75S-T, R301W, and 
R301T were materially increased at elevated temperatures. 
The reduction of thickness, which is a measure of the duc- 
tility of an alloy, followed approximately the same trend 
as the forming limit. 


HE use of a fluid as a pressure medium has been restricted 

in the past primarily to testing purposes and to such minor 

cold-forming operations as the bulging of recesses in tubular 
parts. However, various shapes can be formed by bulging or 
hydraulic application of uniform pressure to one side of a sheet 
over a confined area. This process has found a restricted com- 
mercial application for the forming of letters and other shapes on 
signs. 

Temperatures in the vicinity of 400 F (200 C) are, to a small 
extent, being used in the bending, joggling, and dimpling of high- 
strength aluminum-alloy sheet. The application of temperatures 
in this range presumably does not impair the properties of high- 
strength alloys. 

Hydraulic bulging at elevated temperatures has been used suc- 
cessfully for the fabrication of magnesium-alloy parts. On the 
contrary, this method has previously not been found useful for 


! This paper is the first published report on the research program on 
hot-forming of aluminum alloys conducted at Case School of Applied 
Science under contract with the Office of Production Research and 
Development of the War Production Board. This research, which was 
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Circular Bulging of Aluminum-Alloy Sheet 
at Room and Elevated Temperatures | 
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The forming limits for all annealed conditions in-_ 
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the hot-forming of aluminum alloys, as an excessive temperature 
was considered necessary, 850 F (450 C), approximately. 

The test results obtained on this project, however, indicate that 
temperatures between 250 and 400 F (120 to 200 C) substantially 
improve some forming characteristics of a number of high- 
strength aluminum alloys.‘ This fact, if substantiated by further 
experimentation, may render forming by means of hydraulic 
pressure at elevated temperatures a valuable addition to the vari- 
ous commercial methods of aluminum-alloy-sheet forming. 

Examples of specimens bulged for this investigation are shown 
in Fig. 1. 5 

The metal at the crown or pole of a circular bulge is subjected to 
a practically uniform tensile stress, and tensile strain in all direc- 
tions parallel to the metal surface. This applies throughout the 
test until the ‘forming limit’ is reached when failure by local 
necking or fracturing occurs. Such a “balanced biaxiality” con- 
stitutes a fundamental stress-and-strain state, for it is a border- 
line case which many types of actual forming operations approach 
and which is present in aircraft and other structures in service. 
Therefore, rather than measure the depth of the cup or bulge at 
the moment of failure, the unit strains (in the vicinity of the 
break) which the metal exhibits after failure, were determined. 
These are considered as important metal characteristics. 

No attempt will be.made, at present, to evaluate the funda- 
mental significance of the data discussed here. Further reports 
will cover various other phases of cold- and hot-forming alu- 
minum alloys, and their fundamental analysis. 


MATERIAL, EQUIPMENT, AND PROCEDURE 
MaTERIALS TESTED 


Twenty-one different conditions of seven aluminum alloys (3S, 
528, 61S, 24S, 75S, R301, and R303) were tested. The alloys 
3S, 52S, and 61S are supplied in bare (unclad) sheets, and only 
bare R303 was tested. 75S and R301 were available only as 
clad sheet, and alloy 24S was tested both bare and clad. 

For the general tests on circular bulges, sheet of the same thick- 
+0.002 
—0.0015 
particular alloy condition, specimens were cut from a single sheet 
for which the thickness variations were within +0.001 in. 

The yield strength, tensile strength, and elongation (2 in. 
gage length) in both the transverse and longitudinal] (rolling) 
directions are assembled in Table 1. 

The various alloy conditions are assembled into two main 
groups and four subgroups as follows: 


Group I Annealed Sheet 
(A) Nonaging alloys 
(B) Heat treatable alloys 


ness for all alloys, 0.040 in., was selected. For any 


Group II Heat-Treated Sheet 


(A) Room-temperature-aged alloys 
(B) Artificially aged alloys 


4A particularly valuable application of hot-forming, at these tem- 
peratures, has been found to be the roll-forming of sections in the 
rather brittle high-strength alloys, suggested recently by an un- 
published report on another phase of this W.P.B. research investiga- 
tion. 


Pace 
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Fig. 1 Typrcat Hypravtic Crrcutar BULGES 


Fic. 2 Heap ror Hor Hypravutic 


SPECIMEN IN PLACE 


The alloys investigated represent all conditions for the struc- 
tural alloys of high strength available at present for production 
and a few additional alloys which are also used in aircraft fabri- 
cation, because of their superior forming properties. 


DETAILS OF EQUIPMENT 


The equipment consisted of a bulging head and a hot-oil dis- 
placement cylinder capable of furnishing oil under pressure up to 
3000 psi to the head on which the specimen was clamped, Figs 

5 The equipment for these tests was developed by E. J. R. Hudec 
and C. L. Bennett, Instructors under the supervision of G. B. Carson, 


Associate Professor of Mechanical Engineering, Case School of 
Applied Science. 
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2and 3. The clamping ring (die) had a !/, in. radius to prevent 
tearing of the specimen at the edge of the die contour. Originally, 
an as-machined surface of both the base plate and clamping-ring 
interfaces provided satisfactory gripping surfaces. As the die be- 
came nicked it was necessary to serrate the surface with four 
buttress teeth per inch (1/s in. deep X 1/4 in. long). 

Oil pressure for the bulging was supplied from a displacement 
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TABLE 1 TENSILE PROPERTIES OF SHEET USED IN HOT HYDRAULIC CIRCULAR BULGING 


Fach Value represents average from two tests 
TRANSVERSE LONGITUDINAL 
TEN- TEN- 
SHEET SHEET YIELD SILE ELONG. YIELD SILE ELONG,. 
ALLOY THICK. STR. STR. IN en STR. STR. IN 2" 
IN. PSI ___PSTI PSI__ PSI % 
GROUP I-A 
3S0 041 7520 17100 321.5 7400 17200 32.0 
5280 ~039 13800 26300 25.0 13700 27900 24.0 
GROUP _I-B 
24S0 Bare -0415 14500 32400 17.0 14400 34500 17.5 
24S0 Clad 12500 28200 17.5 12800 39100 16.0 
-0395 10400 23700 19.5 10600 25500 
75S0 (Clad ~040 16100 322300 14.0 16700 338100 14.0 
61580 -040 7800 17300 24.5 8220 17800 26.0 
GROUP II-A 
24ST Bare -0395 43700 67400 17.5 48400 69500 19.58 
24ST Clad -0395 41300 64700 17.0 47200 65700 17.0 
Bare 03595 55000 71000 13.5 60200 72400 14.5 
2L£4SRT Clad -0385 51600 67500 13.0 59200 69300 11.5 ‘ 
ZO1W(Clad) 2038 $6200 61300 19.5 40700 68600 
61SW -038 29700 413500 15.5 $3000 42000 17.0 
GROUP II-B 
24ST8l Bere .040 60400 68900 5.0 62600 70800 7.0 
£4ST81 Clad .040 59500 66500 5.5 62300 68000 6.5 
24ST86 Bare .041 65900* 72800 4.5 66400* 72800* 5.5 
2£4ST86 Clad .040 63400 69400 5.0 65100 70200 6.0 
RS01T an 57600 69100 10.5 60900 70100 10.8 
75ST Clad) .041 64400 78000 12.0 70700 80500 12.0 
61ST -039 38100 46000 13.0 493800 46600 135.5 
RZ03T 315 (Bare. 041 67100 75500 9.5 70000 76200 9.0 


*Does not meet minimum specified 


Specification, No. 11354. 


cylinder, the piston of which was actuated by the lead screw of a 
broaching machine that was driven from a variable-speed drive, 
Figs. 4 and 5. The total volume-displacement capacity of the 
cylinder was 95 cu in. 

The bulging pressure was recorded by a helical-type 3000-psi 
recording pressure gage tapped into the oil line connecting the 
bulging head and displacement cylinder. A synchronous-motor 
drive for the recording chart permitted the recording of a pressure- 
time (stroke) curve for any desired test. 

The elevated temperatures were obtained by heating the lower 
plate, the reservoir, and the oil-displacement cylinder by means of 
resistance heaters. A mercury-tube temperature-control switch, 
sensitive within +5 deg F, inserted into the base plate, con- 
trolled the temperature of the bulging head and the oil in the 
head. Two manually adjusted thermoswitches (50-600 F) were 
used for controlling the temperature of the oil in the displacement 
cylinder. The actual temperature was indicated by a ther- 
mometer set in a well in the exhaust end of the eylinder, Fig. 5. 


by the Army Air Force 


The temperature of the specimens and various parts of the 
bulging fixture was determined (within +3 deg F) with a Cam- 
bridge surface pyrometer, mold type, 50-600 F range, having a 
minimum accuracy of 2 per cent of full scale. 

To protect the operators from the danger of hot oil at high 
pressure, a safety-glass cover was constructed to fit over the 
bulging head, Fig. 4. The cover was built of 1/,-in. heat-tem- 
pered plate glass set in a '/s X 1-in. angle-iron frame. 

For the low-temperature (30-50 F) tests, a small 3-gpm rotary 
gear pump was employed by which refrigerated oil was pumped 
from a 5-gal sump, containing dry ice as a coolant, to the reservoir 
of the bulging fixture, and thence circulated through the dis- 
placement cylinder. Dry ice was placed around the bulging head 
to maintain it at testing temperature. 


TESTING PROCEDURE 


A 20-line-to-the-inch orthogonal grid was applied to one side of 
each test specimen by a modification of the photogrid process 
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(1, 2).6 The grid lines were applied parallel to the transverse 
and longitudinal directions of the sheet. The maximum varia- 
tion of the grid for 1/, in. gage lengths was 0.5 per cent. 

The 12-in-sq test specimens were set in a jig and drilled with 
six 1'/,.-in-diam holes to accommodate the 1-in. studs in the base 
plate. 

The bulging head, with the clamping ring in place, and the dis- 
placement cylinder were held at the predetermined testing tem- 
perature for at least 15 min prior to the start of a given run. To 
minimize the temperature gradient across the bulge and to insure 
the absence of air in the head, care was exercised to have the oil 
level in the reservoir flush with the surface of the base plate be- 
fore placing a test specimen on this fixture. 

The general testing procedure was to place the test specimen on 
the bulging head, set the preheated die loosely in place and allow 
10 min time in which to take several temperature determinations 
around the bulge, and then tighten the clamping ring onto the 
specimen. It was found that the sheet reached a constant tem- 
perature within 2 min after being placed on the bulging head. 
The circular edge of the sheet next to the die was generally above 
the temperature of the center of the sheet by 5 to 10 deg F in the 
vicinity of 250 F and 10 to 20 deg F in the vicinity of 500 F. 

The tightening of the die, which took a few minutes, was de- 
ferred until near the end of the 10-min period (after 7 min of pre- 
heating), for it was found that premature tightening favored 
heat-warping of the restrained sheet specimen. After the 10-min 
heating period the safety cover was placed over the head and the 
actual bulging was started and proceeded without interruption 
until failure. The forward speed of the piston was held constant 
throughout these tests at 53/s ipm; this gave a displacement 
volume of 17.7 cu in. per min. Each test required approximately 
2 min for the actual bulging operation. The time required to re- 
move the clamping plate brought the total time for each test, dur- 
ing which the sheet specimens were exposed to the elevated tem- 
perature, to between 14 and 16 min. 

For the purpose of comparing the properties of the various 
alloys at different testing temperatures, the maximum bulging 
pressure or “‘bursting pressure” has been used as a measure of the 
metal strength. In addition, the strain distributions along the 
“principal axes’’ after failure of the specimens were determined, 
and the ductility characteristics were obtained, as discussed in the 
following section. 


MEASUREMENT OF STRAINS 


The over-all investigation, of which this paper is a part, entails 
the consideration of the effects of various degrees of stress bi- 
axiality. For a better understanding of the forming limits, this 
necessitates the theoretical consideration of various geometrical 
shapes, which include the border cases of a flat sheet, a tube, and 
a sphere. It has been found necessary to deviate from general 
practice and adopt a different and comprehensive system of co- 
ordinates and directions which will permit an unambiguous 
description of any stress or strain in any given part. 

A system of co-ordinates which will fit those cases having two 
perpendicular planes of symmetry for which the strains are 
measured along the “principal axes” has been selected as follows: 
The intersection of the two planes of symmetry and surface will 
be designated as the “‘pole.”” For any point on the surface, the 
“normal direction’? N is readily recognized as the direction per- 
pendicular to the surface at that point, Fig. 6. A ‘meridian line’ 
is taken to be the intersection between the part surface and a 
plane passing through the pole and the line normal to the surface 
at the point under consideration. At the given point, the 
“meridian direction” M is determined by the line of tangency to 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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the meridian line. The “latitude direction” L is defined as the 
perpendicular to both the normal and meridian directions at the 
point under consideration. The relation of these terms to those 
used for a plane, a tube, and a sphere are readily recognized; they 
are assembled in Table 2. 


TABLE 2 TERMS USED IN STUDIES 


Adopted Common 
terms Plane Tube Sphere 
Normal NV Normal Normal or radial Normal or radial 


Meridian M (In the surface, Axial or longitudi- 
longitudinal or nal 
transverse) 


Circumferential or 
tangential 


Latitude L Circumferential or 


Circumferential or 
tangential 


tangential 


In the case of an extended part, the “principal axes’’ will be de- 
fined by the intersections between the part surface and the two 
symmetry planes. The axis in the direction of the larger dimen- 
sion will be designated by the letter a, and that of the smaller 
dimension by the letter b. Even in the case of a circular bulge 
such axes are also necessary to designate the grain direction. 

For the circular bulge the a-axis has been chosen as parallel and 
the b-axis as perpendicular to the rolling direction of the sheet. 
The strains have been designated as “meridional” e,y or e,., 
if measured along the axes a and b, respectively, and “latitudinal’” 
€gx OF €, if measured perpendicular to the axes, where the sub- 
scripts a and b refer to points along the a- and b-axes, respec- 
tively. Strains not measured at points on one of the principal 
axes will be referred to a special set of co-ordinates for the particu- 
lar case in question. 

It was observed in the tests, as discussed later, that the strain 
distributions were usually characterized by a rather flat maxi- 
mum at the pole of the bulge, disregarding a very narrow range 
containing the failure. These maxima in the principal meridional 
directions of the sheet were considered as the “forming limits” for 
the bulging processes, Figs. 9 to 12, inclusive, and represent the 
maximum amount of strain which the metal permits without 
failure by local necking or fracture. The strain at the forming 
limit for a bulged part could not be obtained in the same manner 
as for a regular tensile test specimen, i.e., by measuring a value 
of strain some distance away from the fracture. The measure- 
ments of the strain along the two major axes of the specimen, 
Fig. 7, with w, and cross-grain z, however, revealed that the strain 
values both parallel to the direction of each axis or “meridional,” 
and perpendicular to the direction of each axis or “latitudinal,” 
increased continuously from a zero value somewhere at the radius 
of the die to a maximum value at the crown of thé bulge; a few 
representative plots are illustrated in Figs. 7 and 8. 

For a rapid determination of the forming limits, the strains 
occurring in an area approximately 3 in. sq and in the proximity 
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of the pole of the bulge were measured along and in the direction of 
the principal axes by means of a strip of orthogonal co-ordinate 
paper to within '/2 per cent (stretch). A gage length of 1/2 in. 
was generally used, although in some cases a gage length of 1/4 in. 
was necessary for measurements near the break and in directions 
intersecting the failure on both sides (these values of !/, in. gage 
length are distinguished by parentheses in the curves). No such 
measurements were made closer than !/s in. to the fracture, nor 
across the fracture, i.e., including the fracture. A number of 
curves obtained in this manner are represented in Figs. 9 to 12, 
inclusive. That these measurements do not include the necked 
regions is shown by the thickness distribution perpendicular to 
the locus of failure, Fig. 13. From the figure it can be seen that 
for the very ductile alloy 52S-O, the necked region does not ex- 
tend more than 0.01 in. on either side of the fracture. 

The ‘reduction in thickness,” at the point of failure con- 
stitutes another metal characteristic, corresponding to the con- 
traction in area (reduction of area) of a regular tensile test pre- 
sumably measuring the ductility of the metal. This value was 
determined by measuring the thickness of the sheet at the fracture 
by means of a measuring microscope at X10 magnification. 
Three readings approximately evenly spaced over a total dis- 
tance of '/. to 1 in. at the center of the primary fracture yielded 
values which could be readily reproduced. 

In order to obtain the local (normal) strain distribution in the 
circular bulge in the vicinity of failure, thickness measurements 
were made with a measuring microscope at appropriate intervals 
on specimens sectioned in a plane perpendicular to the locus of 
failure. Reduction in thickness values thus obtained for two 
alloys yielded quite smooth strain-distribution curves, Fig. 13. 


GENERAL CHARACTERISTICS OF STRAIN DISTRIBUTION 


The agreement between the meridional strains along the two 
principal axes was rather close. The maximum was flat and quite 
definite for all specimens yielding uniform stretch values of less 
than 25 per cent, Figs. 7 to 12, inclusive. The maximum was 
sharper for more ductile materials and differed slightly in posi- 
tion and value along the two axes, a difference of up to 3 per cent 
for temperatures below 375 F, and of up to 6 per cent for the tests 
at higher temperatures being observed. Less regular curves were 
occasionally obtained at the highest testing temperatures, proba- 
bly because of slight variations in temperature. It appeared 
that if the temperature differences over the surface of the bulge 
exceeded 10 deg F during the test, such irregularities resulted. 

The values of both the meridional and latitudinal strains 
measured along any one meridional axis, showed a variation up to 
+2'/, per cent (stretch) for a meridian distance within 2 in. 
from the crown or pole of the bulges; this change was greatest 
for the soft alloys and/or tests at high testing temperatures, Figs. 
7 to 12, inclusive. 

The depth of a bulge within an accuracy of +10 per cent was 
primarily a function of the forming limit. The depth correspond- 
ing to various values of uniform stretch was approximately as 
follows: 


Stretch, 
per cent....... 10 20 30 40 50 60 
Depth, in........... 1 11/2 2 23/s 27/s 


The measured values for reduction in thickness generally ex- 
ceeded those calculated from the meridional strains. The mean- 
ing of these values which should measure the local ductility of the 
metal is rather obscure, as a radical change of stress state from 
balanced biaxiality to plane strain occurs as soon as local neck- 
ing begins. No attempts have been made, as yet, to evaluate 
the significance of the reduction-in-thickness measurements. 
Some thickness measurements in a plane perpendicular to the 
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locus of failure show that the strain gradually increases toward 
the locys of failure and that the larger fracture strain only affects 
a very narrow region,’ Fig. 13. A very ductile alloy, 52S-O, 
yielded practically the same forming limits from such measure- 
ments extrapolated to the fracture, as from the grid measure- 
ments. The more brittle alloys, such as 248-T, exhibited some 
irregularities in the immediate vicinity of the failure. How- 
ever, disregarding this range of irregularity the curve of thick- 
ness change extrapolates to practically an identical value, as 
calculated from the average of two meridional-strain values at the 
pole, as shown in Fig. 13. 

The more tedious thickness measurements, therefore, would 
yield practically the same average value of forming limit as the 
rather simple grid measurements of the strains. 


RESULTS OF TESTS 


BurstinGc PRESSURE 


The bursting pressure can be considered as a semiquantita- 
tive measure of the ultimate strength of the metal, under condi- 
tions of biaxial tension. While the ratio of bursting pressure to 
strength is affected by the amount of strain, or rather the curva- 
ture of the sheet, at the point of failure, this effect is apparently 
considerably smaller than that of the testing temperature. 

3 a general rule, the bursting pressure decreased continuously 
with increasing temperature above room temperature. Such a 
behavior is normal for any metal or alloy in a stable condition. 

Of the alloys investigated, Figs. 14 to 24, inclusive, those of 
Group II-A, or the room-temperature-aged conditions, might 
have been expected to deviate from the general rule if artificial 
aging had taken place to such an extent that this change exceeded 
the reverse temperature effect. Obviously, this aging effect was 


7 This region is extremely small as compared with the region of 
necking in tension tests on 0.50-in-wide specimens. 
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not very pronounced, but a slight hump in the curves of all room- 
temperature-aged alloys, Figs. 18 to 20, inclusive, can be taken as 
such an effect. 

A comparison of the two investigated nonaging alloys of Group 
I-A, showed 3S-O to be somewhat more respondent to the effect of 
temperature on the bursting pressure up to 200 F, while the per 
cent loss in this property was the same for both alloys at 400 F. 

Of the alloys of Group I-B, or the annealed conditions of the 
age-hardenable alloys, Figs. 15 to 17, inclusive, 24S-O, both bare 
and clad, was least affected (10 per cent approximately) of all 
alloys investigated by testing temperatures up to 300 F. On the 
contrary, the strength of R301-0, 75S-O, and 61S-O, decreased 
noticeably at rather low testing temperatures, and to a con- 
siderable extent, 25 to 30 per cent, at 300 F. Alloy 75S-O suffered 
the largest decrease of the bursting pressure at still higher 
temperatures, 

In the Groups II-A and II-B, Figs. 18 to 24, inclusive, i.e., 
room-temperature-aged and artificially aged alloys, respectively, 
again all 24S conditions exhibited considerably less reduction in 
strength on increasing the testing temperature than the other 
alloys, R301, 61S, and R303. At the highest temperatures in- 
vestigated, 400 F and higher, the reduction of the bursting 
strength was largest for the alloys 75S and R303. 

The absolute values of bursting pressure, of course, varied 
within wide limits for the different alloys and conditions, rang- 
ing between 350 and 1400 psi at room temperature, and between 
approximately 200 and 800 psi at 400 F. Thus, at 400 F the 
strength and forming resistance of the high-strength alloys are re- 
duced almost to the values of the softest alloy investigated, 3S-O, 
at room temperature. 

Of the alloys in Group II-A, 248-T clad and R301-W clad, 
possessed approximately the same bursting strength at room 
temperature, while the bursting strength of 61S-W at the same 
temperature was only 60 per cent of 248S-T clad; 24S-T bare, was 
the strongest alloy of this group. At 400 F, however, the alloy 
R301-W required only approximately 70 per cent of the bursting 
pressure for 24S-T clad and at 450 F was not appreciably 
stronger than 61SW bare. 

Of the heat-treated alloys, 75S-T clad, and R303-T315 bare, 
were the strongest up to 250 F, and 248-TS81 clad, and 24S8-T86 
clad, were the weakest at temperatures up to 300 F, while 24S-T 
bare and clad, R301-W and R301-T, were intermediate, Figs. 20 
to 24, inclusive. At temperatures between 300 and 450 F, how- 
ever, 24S-T required considerably larger bursting pressures than 
either 75S-T or R301-W, R301-T, and R303-T315. 

At the lowest temperature investigated, approximately 35 F, 
the bursting pressure was usually equal to or slightly higher than 
at room temperature. Exceptions were 245-T86 bare and, less 
pronounced, 248-T86 clad. The decrease of the bursting strength 
of these alloys with decreasing temperatures, in the range below 
room temperature, is explained by the corresponding loss in 
ductility, which is apparent in both the reduction in thickness and 
the uniform stretch. The alloys 24S-RT both bare and clad, 
also exhibited irregular and low strength, and low ductility proper- 
ties in a temperature range close to room temperature, and up to 
250 F. Alloy 24S-T bare and clad yielded rather uniform results 
on specimens taken from a single sheet. 

Artificial aging had very little effect on the alloy R301, while 
both cold-rolling (RT) and, even more, artificial aging (81 and 86), 
considerably reduced the bursting strength of 248, up to a tem- 
perature of 400 F. At still higher temperatures, the different 
aged alloys of either 24S clad, or 24S bare, appeared to possess 
practically the same bursting strength. 


FormincG Limits 


Regarding the effect of testing temperature on the forming 
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limits, the annealed alloys, Group I, may be considered together, 
whereas it is advantageous to discuss individually the room- 
temperature-aged conditions, Group II-A, the various conditions 
of 24S, and the artificially aged alloys Group II-B. 

It appears that the forming limits of all the annealed alloys 
except 35-O and 75S-O were slightly reduced by raising the tem- 
perature up to a certain limit which varied for the different alloys 
between 100 and 250 F (248-0), Figs. 14 to 17, inclusive. With 
further increasing temperature, the forming limit of all these 
alloys increased continuously by as much as 35 to 40 per cent 
(stretch) at the testing temperature of 450 F. The magnitude of 
this effect probably depended considerably upon the rate of load- 
ing and was rather large for these tests because of the slow speed. 

The forming limits (for the annealed conditions) at room tem- 
perature were highest for the alloys of Group I-A, 3S-O and 528-0, 
and for two alloys of Group I-B, 61S-O and R3010, while 75S-O 
and 24S-O, both bare and clad, exhibited only approximately 70 
per cent of the forming capacity of the other alloys. With in- 
creasing temperature the difference between 24S-O and the 
other alloys was retained, while 75S-O showed almost as high 
strain values as the more ductile alloys, and markedly higher 
strain values than 248-O, at temperatures between 200 and 350 F. 
The alloys of Group II-A, Figs. 18 to 20, inclusive, aged at room 
temperature, were in general more responsive to the effect of 
temperature in the lower temperature range, but at the higher 
testing temperatures did not increase to definitely higher strain 
values than the respective artificially aged conditions. 

The forming limits for the aged conditions were highest for the 
alloys R301-W,61S-T, and surprisingly also R301-T, for practically 
the entire range of temperatures investigated. 

The alloy 61S-W showed rather low strain values in comparison 


to the other alloys of this group, and were not appreciably higher 
than 248-T. 
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Testing temperatures up to 250 F caused practically no change 
in the forming limits for all aged conditions of the alloy 24S, but 
slight improvement in formability was observed for all these 
alloys at still higher temperatures. 

The lowest strain values occurred in 24S-T86 and 24S-RT, while 
248-T and 248-T81 were intermediate. 

Artificial aging of 24S-T and 24S-RT to 24S-T81 and 248-T86, 
respectively, caused a surprisingly small reduction in the forming 
limits by not more than 1 to 2 per cent, when tested at room tem- 
perature, Figs. 18, 19, 21, and 22. However, the results at testing 
temperatures in excess of 200 to 300 F revealed that the arti- 
ficially aged alloys have the higher forming limits after passing 
through a minimum at 200 F. 

The cold-rolling of 24S-T clad, resulting in 24S-RT clad, Figs. 18 
and 20, caused the expected reduction in strains by approximately 
5 per cent, but this effect could not be recognized for 24S-RT bare, 
the strain values of which scattered within wide limits; with in- 
creasing temperatures this difference between the forming limits 
for 24S-T clad and 24S-RT clad, gradually decreased. 

The alloys of Group II-B, the artificially aged conditions, Figs. 
21 to 24, inclusive, were markedly affected by testing at higher 
temperatures, and between 300 and 400 F their forming limits 
exceeded those of the room-temperature-aged conditions. 

The forming limit for R301-T, and to a smaller extent for 
R301-W, 61S-W, and 61S-T, materially increased with increasing 
temperature, particularly at slightly elevated temperatures. 
The alloys 75S-T and R303-T, possessed very low forming limits 
at room temperature; however, the strain values for these alloys 
at temperatures above 200 and 300 F, respectively, exceeded 
those of 24S8-T. Alloy R301-T values were not appreciably differ- 
ent from R301-W, except that the latter showed aslight minimum 
in the forming-limit curve for the tests in the range 300 to 400 F. 
Both alloys had identical forming limits at 450 F. 

Regarding the absolute strain values, some recent results show 
these values to be appreciably increased by increasing the sheet 
thickness using the same die diameter. 


REDUCTION IN THICKNESS AT FAILURE 


The rather large variations of the values of reduction in thick- 
ness do not permit a clear evaluation of this metal property, which 
measures the (local) ductility, Figs. 14 to 24, inclusive. 

Of the two nonaging alloys of Group I-A, 38-0 was slightly 
superior and more affected by elevated temperature than was 
52S0. 

Of the annealed conditions of the age-hardenable alloys, 
Group I-B, 61S-O possessed by far the highest ductility at lower 
temperatures, even better than 52S-O. However, the other 
alloys approached such a high ductility with increasing tem- 
peratures: 75S-O above 250 F, R3010 above 400 F, and 24SO, 
both bare and clad, apparently above 450 to 500 F, Figs. 15 to 17, 
inclusive. 

The forming temperature up to 450 F had only a compara- 
tively slight effect on the ductility of the room-temperature-aged 
alloys, Group II-A, Figs. 18 to 20, inclusive. The reduction in 
thickness of the various conditions of 24ST increased continu- 
ously with increasing temperature, at a rate of 2 to 3 per cent 
(ductility) per 100 deg F, up to a value which was approximately 
1/,; higher at 450 F than at room temperature. The other two 
alloys investigated, 61S-W and R301W, showed a peculiar maxi- 
mum in the range of 200 to 250 F, followed by a minimum at 350 
F. Both of these alloys exhibited slightly higher values of reduc- 
tion in thickness than 248-T clad, over the whole range of tem- 
peratures tested, while 24S-T bare, 24S-RT clad, and 248S-RT bare, 
were inferior to 24S-T, by approximately 5 to 10 per cent (duc- 
tility). 

Of the alloys of Group II-B, the artificially aged conditions of 
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24S-T were only slightly affected regarding their ductility at tem- 
peratures up to 250 F, while their ductility increased considerably 
between 250 and 350 F, and then approached or even exceeded 
that of the corresponding room-temperature-aged condition, 
Figs. 21 and 22. The ductility of R301-T improved markedly at 


‘temperatures slightly above room temperature, and then con- 


tinued to increase at a slow rate with further increasing tem- 
perature. On the contrary, the ductility of 75S-T and R303-T 
appeared to increase at a steadily increasing rate, at tempera- 
tures exceeding 150 and 200 F, respectively. Both at room tem- 
perature and at approximately 400 F, the ductility of the alloys 
24S-T81 clad, R301-T, 75S-T and R303-T, was approximately the 
same and considerably higher than that of 24S-T86 clad, 24S-T81 
bare, and 248-T86 bare. At temperatures between 200 and 300 F, 
however, the ductility of the alloys R301-T and 75S-T exceeded 
that of 24S-T81 clad, and also that of 24S-T clad. 


Errects OF CLADDING 


A comparison of the respective clad and bare aged conditions 
of the alloy 248 revealed a rather pronounced effect of the clad- 
ding on the forming limits and local ductility (reduction in thick- 
ness). These values were considerably more uniform for the clad 
than for the bare alloys. In particular, quite uniform strain values 
could be obtained for 24S-T clad, 24S-T81 clad, 24S-T86 clad, and 
248S-RT clad, while extreme variations were encountered in 
24S-RT bare, and 248-T86 bare. 

The reduction in thickness of the clad alloys was slightly 
larger than that of the bare conditions, on the average, by 5 per 
cent (0 to 10 per cent ductility). 

On the contrary, the forming limits were frequently higher for 
the bare alloys, and very high values were occasionally en- 
countered in both 24S-RT bare, and 24S-T86 bare. No explana- 
tion can be given for these peculiar findings. The higher stretch- 
ing ability of bare alloys, however, cannot be utilized because of 
their larger variations, and the minimum values of the bare and 
clad conditions usually differed only slightly. 

Alloys 248-O clad, and 248S-O bare possessed almost identical 
forming limits, while the reduction in thickness was slightly 
higher for 248-O clad. 

As was to be expected, the bursting pressures were, on the 
average, approximately 10 per cent higher for the bare alloys than 
for the clad alloys, other factors being equal. 


Types OF FRACTURE AND DEFECTS 


While most of the blanks tested failed by splitting close to the 
crown in the longitudinal direction, the final appearance of a 
bulge after the test appeared to be determined primarily by the 
ductility of the alloy, Fig. 1. The various types of failures ob- 
served are diagrammatically illustrated by plan views in Fig. 25. 
The ductile alloys generally formed several variations of single 
cracks, without branches, which*were designated by “D-1” and 
“1-2.” The brittle alloys ruptured in various manners, types 
“B-1” to “B-4” exhibiting a well-defined straight primary crack 
with several secondary branches which appeared to be caused by 
rather violent failure of the bulge. 

Two variations of ductile failures were observed. The one con- 
sisted of a straight crack, running, without exception, in the 
longitudinal direction, type ‘‘D-1,” Figs. 1 and 25. The other, 
type ‘‘D-2,” apparently started as a short crack but continued 
circumferentially to one side of the crack, forming a more or less 
C-shaped flap rather than a straight split. While the straight 
split was found to occur always in the longitudinal direction, not 
more than '/; in. away from the crown, the center of the flap-type 
crack ran longitudinally with some alloys, but with others 


‘(R301 and 758) in various directions; however, it also approached 
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the crown within a distance of less than !/;in.8 Only in three in-- 
stances (24S-O bare, at 345 and 375 F, and 52S-O at 285 F), a 
branch in the fracture was observed for a ductile alloy. 

The type of failure of the heat-treated alloys, Groups II-A and 
II-B, differed for the various specimens of each alloy. Most of 
the specimens exhibited a longitudinal primary crack, while a 
smaller number showed a pronounced transverse crack, and a 
still smaller number possessed a center crack at different angles to 
the rolling direction. Apparently, the more brittle the speci- 
men, the more violent was the bursting and the more branched 
was the fracture. 

With increasing temperature, the cracks usually became shorter 
and more regular, and in some instances, degenerated into a pin- 
hole at the highest temperature used. 

Rather pronounced orange peel was also encountered in the 
alloy 61S-W, and slight orange peel in the alloys R301-0, 75S-O, 
248-RT clad, 24S-TS81 clad, 24S-T86 clad, 75S-T (at higher tem- 
peratures). The results of the investigation do not appear to be 
markedly affected by this condition. 

The heat-treated alloys, with the exception of 61S-W and 61S8-T, 
exhibited pronounced heat warping (“‘oil-canning’’) after the 
tests. 


§ Only at the highest temperatures some fractures occurred farther 
apart from the pole of the bulge associated with a rather irregular 
strain distribution. This is explained by temperature variations as 
previously mentioned. 
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Tests in which some draw-in occurred because of insufficient 
hold-down pressure were discarded, as were the results for a few 
specimens which yielded pinhole fractures because of slight 
irregularities in the sheet. The strain values of these specimens 
were generally lower than those of perfect specimens. 

Little difficulty was caused by failure at the radius. A few 
specimens of the alloy, 245-T86 bare broke at the radius at low 
pressures and exhibited a peculiar small fold extending toward 
the inside of the bulge into the oil. Also, one specimen of 24S-T 
clad failed at the radius when tested at a temperature of 525 F. 


CONCLUSIONS 


The pressure required to burst a sheet with a circular area ex- 
posed to gradually increasing hydraulic pressure on one side is, 
according to the theory of strength, a function of the tensile 
strength of the metal, and the thickness and curvature of the 
part at the moment of failure. However, as far as the effect of 
increasing temperature is concerned, the bursting pressrre fol-- 
lows much the same trend as the tensile strength, according to 
previous investigation (3). On the contrary, the relation be- 
tween different alloys is clearly different in the bursting test than 
in the tensile. test. Of the artificially aged alloys of very high 
strength, only 75S-T exceeded 24S-T in bursting strength at room 
temperature, while 24S-RT, 24S-T81, 24S-T86, and R301-T ex- 
hibited a lower bursting strength than 24S-T. No explanation 
can be given for this phenomenon, at present. 

The general significance of the two strain values, namely, the 
forming limit and reduction in thickness (area), used as metal 
characteristics and supplied by the tests on circular bulges, and 
their relation to the corresponding strain values supplied by the 
tensile test, is also obscure at present. In a tensile test the form- 
ing limit is the uniform strain or “infinite gage length elongation” 
and is entirely independent of the contraction in area at failure, 
or “zero gage length elongation.”” On the contrary, the bursting 
tests yielded forming limits, which always apparently paralleled 
the reduction in thickness (or area) at failure. 

This also conforms to the fact that the forming limits of the 
bulges considerably exceeded the uniform tensile strain, and in 
most instances the conventional 2-in-gage-length elongation (3). 
No exception to this rule was observed in these tests. However, 
if the metal should possess an extremely low ductility, i.e., con- 
traction in area, this should be exhausted in a bulge test earlier 
than in a tensile test, and a forming limit in bulging below that in 
tension could be expected. 
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Discussion 


In 1945, when there was a ban on national meetings, 
some papers originally scheduled for these meetings were 
presented before local groups. In the case of these papers 
the Commitee on Publications suspended its rule, which 
requires simultaneous publication of paper and discus- 
sion, and accepted discussion based on the published 
paper. 


Aceleration Damper: Development, 
Design, and Some Applications’ 


B.S. Carn.2 This interesting paper develops the mathemati- 
cal theory of the acceleration damper by analytical methods. 
The authors wish ‘‘to give a clear step-by-step picture of the 
mechanism of the acceleration damper and thereby facilitate 
handling of transient cases, effect of rebound, and extension of 
theory to modified cases.””. A graphical method, however, seems 
also to be effective in these cases. If we plot the two limits of 
motion of the mass particle against time, then, in any steady mo- 
tion, it can easily be seen that the particle stays at one limit until 
this passes through a point of inflection, after which the particle 
moves freely until it again reaches a limit. 

Taking the case of sinusoidal motion, the kinetic-energy loss 
per cycle is easily obtained for any conditions. It can also be 
seen at once that the maximum damping is obtained when the 
free path of the particle is x times the semiamplitude of the mo- 
tion, as given in the paper. This simple graphical method lends 
itself to a clear picture of the operation, with easy calculation of 
the results. It is easy to introduce the effects of any wave-shape, 
of transients, of rebound, and of friction. 

The graphical method is particularly adapted to practical de- 
sign and analysis of behavior, because the whole picture can be 
seen at once, and it is not necessary to use Dirae functions or 
even the calculus to obtain practical results. The results of 
graphical .analysis can be used for correlation with viscous 
damping without difficulty. In view of the advantages of the 
graphical method, it would be interesting to know if the authors 
have used it and what disadvantages they have found in com- 
parison with the methods which they describe. 

The experimental results and the application to flutter analysis 
show that a simple and easily understood theory of the accelera- 
tion damper is of real value, and the authors are to be congratu- 
lated on their contribution. 


Harry Frisseu. The authors state that theoretical calcula- 
tions show the acceleration damper to be effective in raising the 
flutter speed, but this had not been confirmed by experiment. 
In an earlier paper,‘ H. Voight mentions briefly the results of 
model experiments using this same device in an aileron. 


1 By Paul Lieber and D. P. Jensen, published in the October, 1945, 
issue of Trans. A.S.M.E., vol. 67, pp. 523-530. 

2 Assistant Engineer, Locomotive Division, General Electric 
Company, Erie, Pa. Mem. A.S.M.E. 

‘Research Engineer, Curtiss-Wright Corporation, Airplane 
Division, Research Laboratory, Buffalo, N. Y. 

‘Weitere Versuche iiber Tragfliigelschwingungen,”” by H. Voight, 
Jahrbuch der Deutschen Luftfahrtforschung, part 1, 1938, pp. 249- 
258 (‘Further Experiments on Wing Vibration,’ R.T.P. Translation 
no. 874). 


In the latter case it was called a “disturbance damper.” A 
plot of vibration amplitude versus dynamic pressure shows that 
for an aileron mass, balanced with a disturbance damper, the 
critical dynamic pressure is 4 times that for an aileron with 
damper inoperative. Also, if cork plates were used for the bot- 
tom of the container holding the balls, the critical dynamic pres- 
sure Was approximately twice that of an aileron with damper in- 
operative. When the damper is inoperative, the vibration am- 
plitude increases rapidly as the velocity approaches the critical 
value. With the damper acting, the vibrations at first commence 
in the same way. The balls then break away from their support 
when 1g acceleration is exceeded, and the amplitude is constant 
with increasing velocity. The function of the damper is to upset 
the phase relations necessary for flutter. When the impact en- 
ergy of the damper can no longer upset the phase agreement 
sufficiently, the amplitude again rises sharply. 


AvuTuHors’ CLOSURE 


The authors appreciate that Mr. Cain has brought to their at- 
tention an interesting graphical method for determining the 
characteristics of the acceleration damper. It is believed that the 
graphical method proposed by Mr. Cain will prove especially 
useful when the effects of viscosity, friction, ete., on the motion 
of the particle are considered. It is noted that in spite of the 
involved mathematical treatment contained in the theory, the 
essential formulas used in the design of an acceleration damper 
for a specific application are simple algebraic equations and there- 
fore the authors have not given consideration to “graphical 
analysis, 

The authors wish to bring to Mr. Frissel’s attention that the 
type of acceleration damper considered in the theoretical investi- 
gation of its effect on the flutter characteristics of an airplane em- 
bodies a structural feature which is essential to its efficient opera- 
tion and which is not contained in the disturbance damper de- 
scribed by H. Voight.‘ It is noted that the theory of the accelera- 
tion damper assumes that a gravitational or any other constant 
field does not act on the moving mass’ Therefore this theory 
does not describe the behavior of a disturbance damper in which 
the motion of the particle perpendicular to the earth is acted 
upon by an acceleration of g. Since this paper has been sub- 
mitted for publication, the authors have embodied in their ac- 
celerption damping device a structural means for realizing in 
pracuce a physical configuration treated by the theory. This 
feature ascertains the functioning of the damper and its effective 
operation for all accelerations however small, which is essential 
in order that the damper operate effectively in controlling flutter. 
The device described by Mr. Voight is not effective until accelera- 
tions of g or greater are attained. It is also noted that the dis- 
turbance damper cannot be designed to operate as effectively as 
the acceleration damper even when accelerations of g are ex- 
ceeded, since the effect of the gravitational field changes the phase 
angle between the mass particle and the motion of the configura- 
tion which is being damped. As demonstrated by the theory, the 
selection of a suitable phase angle and its maintenance are espe- 
cially important for the efficient operation of the acceleration 
damper. Herein lies one of the essential differences between the 
acceleration damper and the disturbance damper described.* 

Another significant consideration embodied in the design of an 
acceleration damper is that the length of the free path of the mov- 
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ing mass is definite and is determined by Equation [13] of the 
paper. This dimension determines the phase angle such that 
the damper can operate at maximum efficiency. This design 
criterion is not included in the description of the disturbance 
damper given by Mr. Voight. 
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Figs. 4, 5, and 6, in which.the effect of the gravitational field is 
not considered, were intended to describe the structure of the ac- 


celeration damper schematichilly. 
The authors regret that this was not given more emphasis in 


the original paper. 
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Jet Propulsion and Rockets for 
Assisted Take-Off 


By M. J. ZUCROW,? AZUSA, CALIF. 


This paper discusses the two kinds of jets which may be 
used for propelling bodies through the atmosphere: (a) 
Highly heated compressed atmospheric air admixed with 
products of combustion formed by burning a fuel in the 
air; the thermal energy of the fuel being employed to raise 
the air temperature. This type is known asa “‘thermal- 
jet engine.’’ (6) A jet formed by generating large quan- 
tities of gases by chemical reaction. The equipment in 
which such a jet is produced is known asa “‘rocket motor.’’ 
Operating principles and estimated performance char- 
acteristics of thermal-jet engines are treated, and certain 
unrestricted information on the use of rocket motors or 
“Jato” units for assisted take-off of aircraft is presented. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


T = propulsion thrust, Ib 

G = weight flow, lb per sec 

acceleration due to gravity, ft per see per sec 
w = relative exit velocity of jet, fps 

V = flight speed, fps 

c = absolute exit velocity of jet, fps 

a = acoustic velocity, fps 


m = — = mass flow, slug per sec 
g 


P, = thrust power (7'V), ft-lb per sec 
P,, = exit loss, ft-lb per sec 
P = propulsion power, ft-lb per sec 
c, = specific heat, Btu per lb per deg F 
D = diameter, ft 
M = Mach number 
T, = temperature of entering air, deg R 
T, = temperature at entrance to compressor, deg R 
T; = temperature at end of isentropic compression, deg R 
T, = temperature at end of actual compression, deg R 
T; = temperature of air entering turbine, deg R 
T. = temperature at end of isentropic expansion from tur- 
bine inlet pressure to turbine back pressure, deg R 
T; = temperature at end of actual expansion in turbine, deg R 
T, = temperature at end of isentropic expansion from tur- 
bine back pressure to atmospheric pressure, deg R 
@=T.,/T,; =1+ 0.2ME for air 


k—1 
= (P3; k = 
a= T; 
v = V/w = velocity ratio 


‘ Based on parts of Chapters 4 and 8 of the book, ‘Principles of 
Jet Propulsion,” by the author, to be published in 1946, by John 
Wiley & Sons, Inc., New York, N. Y. 

* Aerojet Engineering Corporation. Mem. A.S.M.E. 

Contributed by the Aviation Division and presented at the Avia- 
tion War Conference, Los Angeles, Calif., June 11-14, 1945, of 
Tue AMerIcAN SocteTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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p = density, slug per cu ft 

n = over-all efficiency = n;np 
n; = internal efficiency 

np = propulsion efficiency 

ne = compressor efficiency 

n, = turbine efficiency 


Nea 
> =| 1 
Subscripts: 
a = alr 
f = fuel 


INTRODUCTION 


In its broadest sense, the term jet propulsion refers to the 
art of propelling a body by the reaction or thrust of a fluid jet. 
There is no limitation, in general, upon the conceivable means 
which may be employed to produce the jet. Furthermore, the 
working fluid may be a liquid, vapor, heated air, the gaseous 
products of a chemical reaction, or combinations of these. How- 
ever, when it comes to propelling bodies through the atmosphere 
by jet propulsion, the jet may be one of two kinds. 

1 There is the jet consisting of highly heated, compressed, 
atmospheric air admixed with the products of the combustion 
formed by burning a fuel in the air; the thermal energy of the 
fuel being employed to raise the air temperature. A jet of this 
type will be termed a “thermal jet,” and the equipment utilized 
for producing it will be termed a “‘thermal-jet engine.” 

2 There is also the jet formed by generating large quantities 
of gases by a chemical reaction. These gases are usually pro- 
duced by reacting a fuel with a chemical oxidizer, but reducing 
reactions are not ruled out. The significant thing is that at- 
mospheric oxygen does not enter into the chemical reaction, which 
is therefore independent of the atmospheric surroundings. 
A jet produced in this manner will be termed a “rocket jet,” 
and the equipment wherein the chemical reaction takes place, 
including the discharge nozzle, will be called a ‘‘rocket motor.”’ 

This paper discusses certain basic features of jet propulsion 
as a mode of propelling bodies through the air. In this conneec- 
tion, the comments on thermal-jet engines will be restricted to 
operating principles and estimated performance characteristics. 
Another purpose of this paper is to present certain unrestricted 
information on the rocket motors used for the assisted take-off 
of aircraft, commonly referred to as ‘“‘Jato”’ units. 


REACTION AND MOMENTUM PRINCIPLES 


The fundamental operating principle of any jet-propulsion de- 
vice is the ‘“‘action-equals-reaction”’ principle known as Newton’s 
third law of motion. This states: ‘‘To every action there is an 
equal and opposite reaction.”” This principle is exceedingly 
common in Nature, and is so well known to engineers that it 
merits little discussion here. It should be noted, however, that 
where motion of a body through a fluid medium is concerned, the 


AS 
ts} 34 
{ 
he 
G 
ake 
7 
q 
we 


178 


reaction principle predominates.* Thus the screw employed for 
propelling a ship, the propeller for moving an airplane, and jet 
propulsion all operate by virtue of this principle. In every one 
of these cases a fluid is accelerated in the direction opposite to 
that of the desired motion for the body, and the reaction due to 
the acceleration produces a propulsion force or thrust in the 
direction of motion. The magnitude of the propulsion force is 
determined by applying the momentum principle, “the rate of 
change of the momentum of a bounded mass system of discrete 
particles (body of fluid) is equal to the sum of the external forces 
acting on the system.’’4 


TuHrust EQUATIONS FOR PROPULSION SYSTEMS 


Fig. 1 illustrates the application of the foregoing principles 
to the engine-driven propeller. Since the air reactions on a body 
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Fic. 1 Momentum PrincipLe APPLIED TO PROPELLER 


depend only upon the relative velocity between it and the air, 
the body may be assumed to be stationary and the air to ap- 
proach it with the actual speed of the body. In the ideal case 
the propeller creates a slip stream as indicated in the figure. The 
air enters the slip stream with the linear velocity V feet per second 
‘relative to the propeller and leaves it with the exit relative veloc- 
ity w feet per second. If the air flow through the slip stream is 
G pounds per second, then the thrust developed is 


It will be seen that the difference between the characteristics 
of propeller propulsion and jet propulsion is not as great as might 
be assumed. Thus if the propeller and engine are enclosed in a 
duct, so that the propeller acts as a blower or compressor, and the 
air of the slip stream is heated by burning a fuelin it, the resulting 
thermal-jet engine is that originally ascribed to S. Campini. 
This arrangement is illustrated in Fig. 2. The essential differ- 
ence between this system and the propeller is that the relative 


3 “Raketenflugtechnik,’’ by E. Singer, R. Oldenbourg, Munich, 
Germany, 1935. 

4 ‘Fundamentals of Hydro- and Aeromechanics,” by L. Prandtl 
and O. G. Tietjens, McGraw-Hill Book Company, Inc., New York, 
N. Y., 1944, p. 233. 
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Fig. 2.) Momentum Principe APPLIED TO CAMPINI SYSTEM 
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Fig. Momentum Principte Appiiep TO THERMAL-Jet ENGINE 
exit velocity of the gases (mainly air) has been increased by 
virtue of the addition of thermal energy. The thrust equation 
has the same form, but the thrust per unit mass of air flow is larger 
owing to the increased exit velocity. It should be noted, how- 
ever, that the absolute exit velocity of the gases c = (w — V) 
has also been increased so that the kinetic energy lost in the exit 
gases is also larger. 

Fig. 3 illustrates the type of thermal-jet engine currently 
the most popular. The major difference between this and the 
Campini system is that the air compressor is driven by a gas tur- 
bine instead of an internal-combustion engine. The patent 
literature discloses many different arrangements for this type of 
thermal-jet engine. Their apparent differences, however, are 
not basic, but are confined to such features as the type of air 
compressor, the type of turbine, the combustion-chamber ar- 
rangement, and construction details. All of them have the 
same objective, i.e., to compress air, heat it, drive a turbine, and 
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discharge heated gases through some form of nozzle. The most 
successful pioneer in this field has been Air Commodore Frank 
Whittle of the R.A.F. It is interesting to note that his British 
Patent Application, No. 347,206, filed January 16, 1930, illus- 
trated in Fig. 4, embraced all of the necessary elements.5 For a 
review of the patent literature, the reader is referred to a text by 
G. Geoffrey Smith.® 

It is seen by reference to Fig. 3 that the equation for the 
thrust developed by this type of thermal-jet engine is given by 


G 
g 


Let G = G, + G, which is approximately equal to G,; since 
(’, can be neglected because it is ordinarily less than 3 per cent 


of G,. The equation for the thermal-jet engine then becomes 
G 
T = - (w— V) 


which is identical with Equation [1]. 

The thrust equations for the propeller and thermal-jet propul- 
sion systems can be transformed to show the relation between the 
thrust and the velocity ratio v; the latter being the ratio of 
the velocity of the moving body (V) to the exit relative velocity 
of the fluid (w). Thus for these two propulsion systems 


G 
g 


or the thrust per pound of air flow per second is 


Equation [4] indicates how thrust developed, per pound of 
fluid flowing through the propulsion system per second, varies 
with the exit velocity (w) and the velocity ratio (v). 

It is seen that as the velocity ratio approaches unity, the 
thrust per pound of air flow per second approaches zero. Conse- 
quently, to develop thrust under conditions close to unity velocity 
ratio, the quantity of working fluid required becomes very large: 
hence a large exit area would be needed for passing the fluid. 
For a fixed velocity ratio the size of the required exit area in- 
creases as the speed of the airplane decreases; hence the propel- 
ler, with its ability to handle extremely large quantities of air at 
velocity ratios close to unity, is well adapted to the propulsion of 
bodies at moderate and low speeds. This is particularly true 
since, as will be seen later, operation close to unity velocity ratio 
gives high propulsion efficiency. 

Fig. 5 is a plot of the thrust per pound of air flow per second 
as a function of the velocity ratio for different flight speeds. In 
the same figure is plotted the ideal propulsion efficiency as a 
function of the velocity ratio. 

Fig. 6 illustrates the jet-propulsion action of the rocket system. 
The arrangement illustrated utilizes the chemical reaction be- 
tween a liquid fuel and a liquid oxidizer; each liquid is termed a 
propellant. The propellants are removed from the supply tanks 
at the constant rate of G pounds per second. They may be, 
for example, gasoline and a sufficient quantity of liquid oxygen 
to burn it completely. At (1) the pressure of the liquids is in- 
creased by a suitable pressurizing means, and at (2) the propel- 
lants are injected into the combustion chamber. As the pro- 

5 Thirty-second Wilbur Wright Memorial Lecture, by Sir A. H. Roy 
pier ournal of The Royal Aeronautical Society, London, Eng., May 
<0, 

® “Gas Turbines and Jet Propulsion for Aircraft,’’ by G. G. Smith, 


published in the United States by Aerosphere, Inc., 370 Lexington 
Ave., New York, N. Y., 1944. 
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Fig. 6 Jet-Proputsion Action or Liqurp Rocket System 


pellants flow through the combustion chamber they react at 
substantially constant pressure, producing large quantities of 
hot combustion gases. The combustion is completed by the 
time the gases reach the entrance to the exhaust nozzle through 
which they expand adiabatically and from which the gases are 
discharged with supersonic velocity. 

If the area ratio for the nozzle is selected so that the gases are 
expanded to the pressure of the atmosphere surrounding the 
nozzle-exit section, then with a constant pressure in the com- 
bustion chamber, the thrust is given by 


g 


where w is the velocity of the exhaust gases relative to the nozzle, 
and is called the ‘effective exhaust velocity.’” 


7 “Characteristics of the Rocket Motor Unit Based on the Theory 
of Perfect Gases,”’ by F. J. Malina, Journal of The Franklin Institute, 
vol. 230, 1940, pp. 433-454. 
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It should be noted that whereas the thrust developed by the 
propeller and the thermal-jet engine depends upon the difference 
between the relative exit velocity of the gases and the speed of the 
propelled body, the thrust of the rocket motor is independent of 
the motion of the rocket system; it depends only upon the ef- 
fective exhaust velocity of the rocket jet. 

Fig. 7 illustrates a rocket motor utilizing a solid propellant, 
fuel plus oxidizer. This is the type of rocket motor used most 
extensively for Jato. To obtain the desired action the propel- 
ant characteristics must be such that the propellant burns at a 


MOTOR WALL 


Fic. 7 Jetr-Proputston ACTION OF Souip-PROPELLANT ROCKET 
Moror 


uniform rate in layers perpendicular to the motor axis, that is, 
the burning is restricted to take place m one direction. One way 
of accomplishing this is by bonding the propellant stick and the 
steel walls of the motor with a special flexible sealing material, 
or liner, which allows the propellant stick the freedom of motion 
it requires for adapting its shape to the deformations produced by 
the gas pressure, thermal expansion, and internal stresses. The 
thrust equation for the solid-propellant rocket motor is, of course, 
identical with that for the liquid-propellant system. 


PROPULSION POWER AND PROPULSION EFFICIENCY 


By propulsion power is meant the total power furnished the 
propulsion system. A portion of this power is converted into the 
thrust power required to maintain motion; the thrust power being 
the product of the thrust developed and the speed of the pro- 
pelled body. The difference between the propulsion and thrust 
powers depends on the energy losses associated with the pro- 
pulsion system. The ratio of the thrust power to the propulsion 
power is termed the propulsion efficiency and is denoted by ,. 
Obviously, to obtain high values of propulsion efficiency the 
energy losses must be kept small. 

The propulsion power P of the engine-driven propeller is the 
power supplied to it by the engine. In the thermal-jet engine 
the propulsion power is derived from the thermal energy of the 
fuel burned in the combustion chamber. For the rocket motor, 
the propulsion power comes from the heat of reaction of the fuel 
with the particular oxidizer employed. For all of these systems 
the energy loss, in the ideal case, is that associated with the ki- 
netic energy of the fluid being ejected from the propulsion system. 
This is called the leaving or exit loss P; and is given by 


P, = = (w— V)........... [6] 
g g 
Obviously, the prerequisite for a small exit loss is a low value 
for the absolute exit velocity of the propulsion fluid. 

For all three propulsion systems, if it is assumed that the only 
energy loss is the exit loss, the propulsion power must be equal 
to the thrust power 7'V, plus the exit loss Pz. The ideal propul- 
sion efficiency for each system is given by a general equation of the 
form 
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By substituting for the thrust and the exit loss from the pre- 
ceding equations, the ideal propulsion-efficiency equations for 
each system are obtained; thus 


(a) Ideal Propeller: 


TV 
(b) Ideal Thermal-Jet Engine: 
(G, + G)wt — G, — GV? 
If G, is neglected so that G = G, * G,, then 
2v 
y+) 
(ce) Rocket Motor: 
T\ 2V 
G w? + V2 1 + »? 


TV 29 (w V)? 


It is seen from the foregoing that the propeller and the thermal- 
jet engine have identical ideal propulsion-efficiency equations 
and that their efficiencies depend upon the velocity ratio. It 
should be noted, however, that for these propulsion devices 
operation at unity velocity ratio is impossible because the thrust 
then falls to zero. For these two propulsion systems the relation 
between the thrust power and the velocity ratio is 


This equation shows that for a constant rate ot fluid flow G, the 
thrust power is a quadratic function of the velocity ratio. The 
maximum value for the thrust power is obtained under these 
conditions when the velocity ratio is » = 0.5. The correspond- 
ing value of the propulsion efficiency is then np = 0.667. It is 
seen therefore that the velocity ratio for maximum thrust power 
and maximum propulsion efficiency ace different. 

In the case of the rocket jet, the thrust depends directly on 
the exhaust-gas velocity w. Consequently, operation at unity 
velocity ratio or higher is a possibility. Thus assume that w = 
6000 fps, then at unity velocity ratio the body propelled by the 
rocket-jet motor must be traveling at a speed of 4100 mph. Fig. 
8 shows the effect of flight speed on the propulsion efficiency of a 
rocket jet, based on w = 6000 fps. Obviously, the rocket jet is 
an extremely inefficient propulsion device at travel speeds com- 
parable to those attained by the fastest fighter aircraft. 

Fig. 9 presents the estimated propulsion-efficiency curves for 
the propeller, thermal jet, and rocket jet at 20,000 ft altitude.® 
The propeller and thermal-jet curves intersecting at 550 mph 
indicate that the propeller is the more efficient at speeds below 
that value. These two efficiency curves intersect at lower speeds 
with increasing altitude. At 30,000 ft, for example, the inter- 
section point is at 450 mph. The rocket jet has a very low pro- 
pulsion efficiency except at extremely high speeds of travel. 

The over-all efficiency 7, of any of these propulsion systems 
is, of course, the product of the thermal efficiency of the power 
plant (or the internal efficiency 7;) and the propulsion efficiency 


8“‘The Elements of Aerofoil and Airscrew Theory,”’ by H. Glau- 
ert, The Macmillan Company, New York, N. Y., 1943, p. 203. 

*‘‘Aireraft Power Plant; Past and Future,"’ by Sir A. H. Ro; 
Fedden, Journal of The Royal Aeronautical Society, vol. 48, 1944, pp 
443-457. 
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np); thus 7 = Table summarizes the relationships 
just discussed. 


TABLE 1 THRUST AND POWER RELATIONSHIPS 


Propeller and thermal jet Rocket jet 
G Vv G 
Thrust = T= = (1— ) 
uw 
Thrust 
Pounds fluid flow per second G Q w 
w T 
“9 
G G G G 
“xi PL --ct = - » — V)? — 
loss PL (u ) PL ) 
Thrust power = TV = Pr Pr=TV 
Pre 
g w 
wt (1 — 
Propulsion power = P = TV + PL PawTV + PL 


G 


Ideal propulsion efficiency = np = 
PP Pr+PL TVF+PL” 1—(V/w)? 
x 
1 + v? 


_2(V/w) 
1 + (V/w) 1+ pr 
G = fluid flow, lb per sec 
\ = true air speed, fps 
w = relative exit velocity of propulsion fluid, fps 


PROPULSION PoWER AND DIscHARGE AREA 


Fig. 10 is a plot of the so-called propulsion parameter 
VV Dp/P, as a function of the ideal propulsion efficiency. This 
curve is applicable to the engine-driven propeller and the thermal- 
jet engine. When applied to the propeller, D is its diameter, o 
is the atmospheric density," V is the airplane speed, and P is the 
power furnished by the engine. For the thermal-jet engine, D 
is the diameter of the discharge jet, p is the density of the jet 
gases, and the propulsion power P is calculated from the increase 
in the kinetic energy of the gases entering and leaving the system: 
thus 


G 
2g" 


‘© Tt has been assumed that the density of the air is increased 15 
ber cent in passing through the actuator disk. 
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The equations relating the propulsion parameter and the ideal 
propulsion efficiency are presented for reference as follows: 


Propeller™ 


" Reference 8, p. 204. 
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Modern Gas Turbine,”” by T. Sawyer, Prentice 


Inc., New York, N. Y., 1945, p. 178. 
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The curve gives the maximum attainable propulsion efficiency 
for either type of propulsion system. It is seen that to obtain 
high values of efficiency with low airplane speeds, D must be large, 
assuming the other factors constant. This operating condition 
is most readily met with propeller propulsion, 

When flight speeas in excess of 500 mph are considered, there 
arise problems connected with the engine size, as well as those 
due to the effect of compressibility of the air upon the propeller ef- 
ficiency, for the power requirements increase as the cube of the 
airplane speed. Thus if it takes 1200 hp to propel a given air- 
plane at 360 mph at a given altitude, it would require an en- 
gine developing approximately 3200 hp to propel it at 500 mph, 
assuming all other factors remained unchanged. This calls for a 
heavy and complex power plant, even if this power can be fur- 
nished by a single engine. On the other hand, the thrust power 
for attaining this speed can be obtained from a thermal-jet en- 
gine of relatively light weight, with a jet diameter of 1 ft and an 
exhaust velocity of approximately 1500 fps. 

Reciprocating internal-combustion engines for large power 
outputs require a multiplicity of accessories which result in an 
increase in their specific weights. Furthermore, they introduce 
complicated installation and maintenance problems. The 
probable trend in the specific weight of large internal-combustion 
engines, as estimated by Sir A. H. Roy Fedden, is presented in 
Fig. 11. 
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Fig. 11 TREND IN RECIPROCATING-ENGINE WEIGHTS WITH PoWER 
RATING 


The efficiency of an actual propeller will be approximately 
0.85 of the ideal propulsion efficiency, or 0.833. This is due to 
various factors neglected by the momentum theory, such as whirl 
energy imparted to the slip stream, nonuniformity of the thrust 
distribution over the blades, blade-profile drag, and periodicity 
of the flow. 

It was shown previously that to obtain the maximum propul- 
sion power from a thermal-jet engine, the velocity ratio should be 
approximately 0.5. The propulsion efficiency for this condition 
is 0.667. Assuming the operating data used for the propeller 
previously discussed, and the discharge temperature for the jet 
at 1200 deg R, so that p = 0.00102 slug per cu ft, then the pro- 
pulsion efficiency is about 68 per cent of that obtainable with an 
ideal propeller; the further assumption being made that the 
propeller is unaffected by compressibility. To obtain the same 
ideal propulsion efficiency as that for the propeller, the velocity 
ratio must be decreased, with the consequence that the required 
diameter of the jet becomes very large. 


THERMODYNAMIC ANALYSIS OF THERMAL-JET ENGINE 


The analysis presented here is based on the following sim- 
plified assumptions: 

(a) There is full recovery of the dynamic pressure of the 
entering air (100 per cent ram). 

(b) There is no change in the mass rate of flow of fluid pass- 
ing through the engine. 
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(c) There is no change in the chemical composition of the 
working fluid, it being assumed to be air at all sections of the flow 
path, 

(d) The working fluid (air) behaves in accordance with the 
laws of perfect gases; the effect of temperature on the specific 
heat of the air is neglected. 


The inaccuracies introduced by the foregoing assumptions 
are so small that for the practical purpose of obtaining a general 
insight into the behavior of the thermal-jet engine they are well 
justified. The advantage of this form of analysis is that general 
equations for the various performance characteristics can be 
derived. 

Fig. 12 illustrates the thermodynamic process involved 
on the temperature-entropy (T-S) plane. The processes have 
been explained in the foregoing and are denoted on the diagram. 
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The object of the analysis is to obtain equations for the tem- 
peratures at the state points indicated on the diagram in terms 
of the temperature of the entering air and its Mach number. 
These equations are listed in the diagram. From them the 
equation for the temperature difference (7'; — 7's), corresponding 
to an isentropic expansion through the nozzle, is readily obtained. 
Fig. 13 presents values of this temperature difference as a fune- 
tion of Mach number for five different altitudes ranging from 
sea level to 40,000 ft. 

Since the temperature difference (7; — 7) is proportional 
to the isentropic enthalpy change for the expansion in the nozzle, 
the exhaust velocity of the jet is readily calculated; thus 


w = 223.7 Vc, X nozzle coefficient .... [12] 
where c, = 0.24 Btu per lb per deg F. 
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In calculating the performance characteristics the nozzle 
velocity coefficient was assumed to be unity. 

PERFORMANCE CHARACTERISTICS OF THERMAL-JET ENGINE 

Fig. 14 illustrates how the jet velocity varies with the true air 
speed, in miles per hour, at different altitudes. The rapid in- 
crease in jet velocity with higher air speed is due to full recovery 
of the dynamic pressure of the air. Since the thrust developed 
by the engine depends upon the velocity difference (w — V), 
it is important to design the intake system so that the ram re- 
covery is high. 

Fig. 15 illustrates how the weight rate of air flow through the 
system varies with Mach number, with the compressor running 
at constant speed. 

Fig. 16 shows the effect of true air speed on the thrust and the 
fuel consumption per pound of thrust. Assuming that the fuel 
has a calorific value of 18,000 Btu per lb, it is seen that the ratio 
of the static thrust to flight thrust is considerably less than it is 
for a variable-pitch, constant-speed, engine-driven propeller. 
As a result of the ram effect, the thrust increases at higher air 
speeds after passing through a minimum point. The fuel con- 
sumption per pound of thrust increases with flight velocity at all 
altitudes. Its rate of increase, however, diminishes somewhat 
with increasing altitude at speeds in excess of 250 mph. 

Fig. 17 compares the thrust characteristics of the adjustable- 
pitch propeller with that of a thermal-jet engine. The basis of 
comparison is the fact that both propulsion systems provide 
equal thrusts at 375 mph." 

'S “Gas Turbines in Aircraft,”” by C. D. Flagle and F. W. Godsey, 
Jr., Western Flying, June, 1945, p. 58. 
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Fig. 18 shows how the thrust horsepower developed by the 
thermal jet varies with flight velocity and altitude. 

Fig. 19 shows how increasing temperature of air leaving the 
combustion chamber affects static thrust and fuel consumption 
per pound of thrust. It is seen that raising the temperature 
greatly increases the static thrust at sea level but this is only at 
the expense of a slightly higher rate of fuel consumption per 
pound of thrust. 

In the present state of the metallurgical art, operating tempera- 
tures as high as 1750 F are possible. If the present rate of im- 
provement of refractory metals continues, operating temperatures 
as high as 2000 F appear to be probable.'* As in the case of 


14 “The Gas Turbine in Aviation—Its Past and Future,”’ by S. R. 
Puffer and J. S. Alford, presented at the Aviation War Conference, 
Los Angeles, Calif., June 11-14, 1945, of THe American Society 
or MECHANICAL ENGINEERS. 
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gas-turbine propulsion plants, the maximum benefits derivable 
from higher operating temperatures will necessitate using higher 
pressure ratios.*® 

Fig. 20 presents the static thrust and fuel consumption as func- 
tions of the pressure ratio of the air compressor for a constant 
temperature at the entrance to the turbine. Increasing the pres- 
sure ratio is effective in increasing the thrust and decreasing the 
fuel consumption. 
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The efficiency of the unit, defined as the ratio of the thrust 
horsepower to the fuel supplied, is given by 


2(6—1 


With the assumed machine efficiencies, 7, = n, = 0.85, and a 
pressure of 3, the efficiency at 500 mph and 20,000 ft altitude is 
approximately 15 per cent. An engine-driven propeller with a 
propulsion efficiency of approximately 60 per cent would give the 
same over-all efficiency. The efficiency, as a function of true air 
speed for different altitudes, is presented in Fig, 21. 

Fig. 22 illustrates the effect of the efficiency of the compressor 
upon the static thrust developed and the corresponding fuel con- 
sumption. It is seen that with a turbine efficiency of 0.85 and a 
pressure ratio of 3, no thrust is developed if the compressor ef- 
ficiency is less than 49 per cent. Increasing the efficiency of the 
compressor greatly reduces the fuel consumption and increases 
the thrust output. As a matter of fact, the efficiency of the 
system is improved by making the ratio of the compression 
work to the available energy of combustion as small as possible.¢ 


‘6 “Combustion Gas Turbine,” by F. K. Fischer and C. A. Meyer, 
Electrical Engineering, vol. 63, 1944, pp. 163-169. 

‘6 “Reaction of Fluids and Jets,"’ by R. Eksergian, Journal of The 
Franklin Institute, vol. 237, 1944, pp. 385-410. 
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The thermal-jet engine has made it possible to attain flight 
speeds higher than those obtainable with propeller propulsion. 
Because of its high fuel consumption, it has been widely held 
that its application will be restricted to short-endurance military 
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aircraft. Analyses of its commercial possibilities,'7 based on 
certain assumptions which have to be made at this stage in its 
development, indicate, however, that the jet-propelled transport 
should find a place in the postwar commercial field. These analy- 
ses indicate that for flights of the order of 500 miles, the jet- 
propelled transport provides economical transportation at high 
cruising speeds.'4 Until more of the operating data and actual 
performance characteristics of aircraft equipped with this form 
of power plant become available, the limits of the application of 
the thermal-jet engine to civilian aircraft cannot be stated with 
certainty. 

Too much attention has been focused upon the apparent limita- 
tions of the thermal-jet engine, particularly upon its high fuel 
consumption; but these limitations appear to be related, to some 
extent at least, to the present state of the developments in the 
field of aerodynamics of high-speed flight. Thermal-jet propul- 
sion imposes fewer restrictions upon the airplane designer. The 
commercial future of this method of propulsion depends to a 
large extent on the ability of airplane designers to produce 
airplanes with lower drag. 

Perhaps the most attractive feature of the thermal-jet engine, 
apart from its ability to provide propulsion at high speeds, is its 
simplicity and low weight. Furthermore, this power plant is 
relatively free from vibration, permits using cheaper fuels than 
high-octane gasoline, and should require less frequent major 
overhauls. 

Many problems are presented by the high operating tempera- 
tures required to obtain even fair fuel economy. Since weight 
and space are major considerations, the rate of heat liberation 
per cubic foot of combustion chamber has to be extremely high. 
For it to have reasonable life, its design must be arranged to give 
clean and reliable combustion, and the walls must be kept at 
safe operating temperatures. There are still metallurgical 
problems to be solved if higher operating temperatures are to be 
realized. In addition, there are problems in compensating for 
differences in thermal expansion. The fact that thermal-jet 
propulsion has become a practical reality is an indication, how- 
ever, that great progress has been made in solving these problems, 


17 “Postwar Transport Aircraft,’”’ by E. P. Warner, Aeronautical 
Engineering Review, 1943, p. 7. 
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Rocket-JeEvT APPLICATION TO AIRCRAFT; JATO UNITS 


The rocket has been developed to the stage where it should find 
a place as the power plant for short-duration high-speed aircraft 
(German ME 163); for long-range missiles (German V2 bomb); 
for superperformance at altitude, for torpedo drive, and for the 
assisted take-off of aircraft. Furthermore, the high-tempera- 
ture high-pressure gas-producing capability of the rocket system 
should find application for short-duration turbine drives, or for 
any service where a temporary generation of such a gas can be 
employed for useful purposes. 

In this country the principal application of rockets to aircraft 
apart from their use as weapons, isin the field of assisted take-off. 
Most of the applications have been to flying boats where the 
added thrust of the Jato units has made it possible to take off 
under conditions such that without them successful take- 
off would be problematical. This has increased the usefulness of 
such aircraft for rescue work in forward combat areas. Jato 
units have also been applied to carrier and land-based aircraft. 
As is to be expected, reductions in take-off time and/or dis- 
tance have resulted from their use." 

Fig. 23 illustrates graphically the improvement in the sea 
level take-off characteristics of a DC-3 transport when equipped 
with a 1000-lb Jato unit having a duration of 14sec. Fig. 24 isa 
similar comparison made at 6000 ft altitude. It is seen that the 
reduction in the distance to clear a 50-ft obstacle is from 4600 ft 
to 3250 ft at sea level and from 5800 ft to 3850 ft at 6000 ft 
altitude. 

Two types of units have been applied; those employing liquid 
propellants, and those employing a solid propellant. To the 
author’s knowledge, the solid-propellant units have found 
the greatest favor, owing to the ease of their installation, and the 
fewer logistic problems introduced by their use. 

A liquid-propellant rocket system is ordinarily controlled 
from a single electric switch operated by the pilot. The switch 
actuates an electric control valve, thereby causing an inert pres- 
surizing gas to communicate with the propellant tanks. The 
pressurizing gas passes through a regulating valve which main- 

18 “Take-Off Analysis for Flying Boats and Seaplanes,"’ by E. G. 
Stout, Aviation, Oct., 1945, pp. 137-141; Nov., 1945, pp. 140-146, 
and Dec., 1945, pp. 163-166. 
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EFFECT OF JET ASSISTANCE ON THE 
TAKEOFF FLIGHT PATH OF THE DC-3 
SiC3G, IF CERTIFICATED UNDER THE 
“TRANSPORT CATEGORY." 
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Fig. 24 Errect or Rocket-Jetr ASSISTANCE ON 


tains the gas pressure on each propellant tank at a constant value. 
This gas is also utilized for actuating the propellant flow control 
valves located upstream relative to the injector which introduces 
the propellants into the motor. No ignition system is employed, 
since the propellants used with this unit react spontaneously upon 
contact with each other. 

Liquid-propellant Jato units have been constructed so that 
they can be mounted either as fixed installations in the aircraft, or 
so that they can be dropped by parachute after use. Reliable 
liquid-propellant rocket motors have been developed that have 
operated without difficulty for continuous periods of several 


Fia. 25 


Take-Orr CHARACTERISTICS OF DC-3 at 6000 Fr ALTITUDE 


minutes. These motors are light in weight and are cooled by 
circulating one of the propellants around the combustion cham- 
ber and nozzle. For example, a rocket motor of this type de- 
veloping 1500 to 2000 lb thrust can be built to weigh less than 
45 lb. For security reasons, the design details of this type of 
motor cannot be released, nor can information be presented re- 
garding the developments concerned with propellants or means 
for injecting the propellants into the motor. 

Fig. 25 shows a typical solid-propellant Jato unit which de- 
livers 1000 lb thrust for 12 see. It is put into operation by means 
of the igniter which is fired electrically. Once the unit has been 
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started it cannot be stopped and restarted, as can the liquid- 
propellant units. 

Fig. 26 shows a PB2Y38 flying boat taking off with these units 
énstalled to supply additional thrust. 


Fic. 26 Fryinc Boat Takino Orr Jato AsSsIsTANCE 
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CONCLUSIONS 


Jet-propulsion devices have reached the development stage 
where they must be given serious consideration as a propulsion 
means. Where high-speed flight is of paramount importance, 
the thermal-jet engine has demonstrated its ability to accomplish 
that result. For shorter-duration high-speed flight, the rocket 
jet has potentialities, 

In general, it appears that the future of jet propulsion in the 
postwar commercial field depends upon the success of the co- 
operative endeavors of airplane designers and jet-propulsion 
engineers in securing the maximum benefits offered by this mode 
of propulsion. 
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Fifteen years ago, Mull and Reiher published elaborate 
experiments on heat convection through enclosed plane air 
layers. In the present paper it is shown that the repre- 
sentation and evaluation of the results of these experi- 
ments can be simplified, improved, and generalized when, 
as for a single surface in an extended medium, a laminar 
and turbulent range are distinguished. Defining slightly 
modified Nusselt and Grashof numbers with the layer 
thickness L as characteristic length, the experimental re- 
sults for horizontal and vertical layers can be expressed by 
(NNu)L = Cp(NGr)L", or respectively, 
where n = 4 and 13 for the laminar and turbulent 
ranges, respectively, and H is the height of vertical layer. 
Comparison with tests of other authors indicates that, 
due to the experimental elimination of any influences 
from the edge of the enclosed layer, Mull and Reiher ob- 
tained relatively low values of the constants C, and C,, 
whereas without particular precaution these influences 
may considerably increase the heat transfer. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


H-W = area of gas layer 
C = constant 
D = diameter 
g = gravitational acceleration 
H = height of vertical gas layer 
hk = coefficient of heat transfer by convection 
k = thermal conductivity of gas 
k, = equivalent thermal conductivity, including conduction 
and convection 
k, = equivalent thermal conductivity, superseding radiation 
= k, + k, = equivalent thermal conductivity 
L = thickness of gas layer 
= Grashof number 
Nwu = Nusselt number 
n = constant 
q = rate of heat flow 
q’ =q/A 
t = temperature 
W = width of gas layer 
8 = coefficient of thermal expansion 
v = kinematic viscosity 
+, ¥ = functions 


Subscripts: 
c = convection 
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D = diameter as characteristic length 
d = heat flow downward 
H = height as characteristic length 


h = horizontal gas layer 

L = thickness of gas layer as characteristic length 
m = mean 

u = heat flow upward 

» = vertical gas layer 

| = warmer surface 


2 = colder surface 


1 INTRODUCTION 


In his excellent survey on heat transmission, presented in 1932, 
King (1)? dealt only briefly with the subject of heat transfer in 
air layers as ‘‘too involved to allow a complete discussion here.” 
In particular, he had in mind the experimental results for plane 
air layers, published by Mull and Reiher in a not widely known 
supplement to a German magazine (2). It will be seen that 
these results are less involved than they appear in the original 
paper. The present paper will bring them to a more general 
and simpler representation and show their close relation to equa- 
tions for free convection on horizontal and vertical surfaces. 


2 Mott anp RerHer’s ProcepURE AND RESULTS 

As a measure for the heat exchange in a gas layer, Mull and 
Reiher used an equivalent thermal conductivity k,, which com- 
bines the effect of convection and radiation and is defined by 


where k, and k, are themselves equivalent thermal conductivities, 
the first one including the effect of conduction and convection 
and the second one superseding the effect of radiation. 

Whereas k, can be simply calculated, using the laws of radia- 
tion, it requires special experiments to determine /,. Mull and 
Reiher employed two parallel plates, each 40 in. long and 24 in. 
wide, which were separated by air layers. These could be 
divided in different ways so that it was possible to study enclosed 
air layers having areas of 30 to 960 sq in. Air layers of seven 
different thicknesses from */; to 7/4 in. were employed. One of 
the two plates was an electrical heating plate composed of five 
separate sections and surrounded by an electrical ring heater. A 
secondary heating plate at the rear side, insulated from the front 
plate and ring, was held at the same temperature as these. Thus 
the main heat flow was confined to the front side from where it 
first crossed the air layer under consideration and then a cork 
plate which served as an auxiliary heat flowmeter. Strips of 
poorly conducting balsa wood, only 80/1000 in. thick, separated 
the air layers from each other and from the surrounding air 
which was in contact with the ring heater. Zine was the material 
of the heating and cooling surfaces (zine-plated steel sheets). 
The whole system of plates was surrounded by granulated cork 
and fixed in a wooden frame. This was turnable in a horizontal 
bearing so that the air layer could be brought into horizon- 
tal, vertical, or oblique position. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The rate of heat flow by convection between a warmer surface 
(subscript 1) and a cooler surface (subscript 2) can be expressed 
by 


A k. 
— (t, — te) or g,” = L [2] 


L 


where 
L = the thickness of gas layer 
A = H-W, area of this layer 
H = height of rectangular area A (when brought into vertical 
position) 
W = width of this area 
t, and ¢, are surface temperatures 
= q./A 


Further, from the theory of similarity for air and probably also 
for any other diatomic gases (except under extreme conditions of 
state) 


(Nwu)z = ®[(Nor)z, W/L)............ [3] 


where slightly modified Nusselt and Grashof numbers are defined 
by 


(Vwu)z k [4] 
and 
Bg 
with 
g = gravitational acceleration 
8 = coefficient of thermal expansion of gas 
k = its thermal conductivity 
vy = its kinematic viscosity 


the last two properties being taken at the mean temperature 
tm = '/e(ti + tr) 
From Equations [3] and [4] 
= ®[(Nar)z, W/L)............. {6| 


First considering horizontal layers (subscript h), the experi- 
ments, with heat flow upward, showed that k,,/k is virtually in- 
dependent of H and W. Then, from reasons of similitude, it 
will also be independent of H/L and W/L. Hence Equation 
[6] simplifies to 


Mull and Reiher represented their results by plotting k,,,/k 
versus log (Ner)z; obviously 


ke,/k — > 1 when (Nar), —> 0 


In the experimental range of (Nor), = 2112 to 8,890,000, a 
smooth curve of increasing steepness was obtained. Representa- 
tion in bilogarithmic co-ordinates, however, will reveal that the 
curve has at least one bend in close relationship to other cases of 
free convection. 

For vertical air layers (subscript v), the conditions are less 
simple than for horizontal layers because k,,,/k may not be inde- 
pendent of H and W. Mull and Reiher, in one of their tests, 
kept H/L and (Ngr), constant, but reduced W/L from 25.7 to 
12.8, that is, by 50 per cent. The term (k,,,/k) (H/L), however, 
changed only by 1.3 per cent. Hence, omitting W/L as inde- 
pendent variable and modifying Equation [6] slightly 
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k., H H 


Similarly as for horizontal gas layers 


——> when (Nar), —> 0 


The problem also simplifies for very large Grashof numbers due 
to the vanishing of the frictional resistance between two parallel] 
vertical surfaces with increasing distance; obviously 


ty Sia ty 


and 


= h(t, t,,) = h(t, — ts) 


or 


where h is the coefficient of convection for a single vertical sur- 
face. From Equations [2] and [9] 
AL h H la H 


or = 


2 k k 2 & 10] 


Hence, /,,, becomes proportional to L for very thick air layers 
and the resistance against thermal convection, L/(k,,.4) becomes 
constant. Since the resistance against heat transfer by radiation 
is also constant for given temperatures, it follows that the insu- 
lating power of an air layer cannot be increased infinitely by in- 
creasing the layer thickness as it would be with a solid layer, but 
is limited. 

For layers of finite thickness, Mull and Reiher plotted (4,,,//) 
(H/L), as measured, versus log (Nor), and built up 27 curves 
with H/L as parameter, making ample use of interpolation and 
extrapolation since a total of only 21 points from their own, 
and 3 from other experiments were available. Again, bilogarith- 
mic representation will give a very much simpler and more relia- 
ble picture and will lead to simple equations for the laminar 
and turbulent ranges, analogous to those for single plane surfaces. 


3 DIMENSIONLESS EQUATIONS FOR FREE CONVECTION ON 
VERTICAL AND HorIZONTAL SURFACES 


As already indicated, the heat convection on a plane plate is 
an extreme case of convection through a plane fluid layer. 

The Nusselt and Grashof numbers for the free convection on a 
vertical surface of height H and temperature ¢; to a fluid of tem- 
perature t,, is usually defined by 


hH 
k 
and 
(12 
yp? 


where arithmetic means, taken over the temperature difference 
(t,; —t,,), may be used for the properties of the fluid. 

Employing the principle of similarity, Nusselt (3) showed that 
(Nwu)y is proportional to H’/*, a result which had already been 
obtained analytically by Lorenz (4), 34 years before. This, 
however, is only a fair approximation to the actual much more 
complicated relation between h and H, as has been demonstrated 
later on by different workers, particularly by Schmidt and Beck- 
mann (5) in a theoretical and experimental investigation. More- 
over, Griffiths and Davis (6) had shown by experiments that 
above a certain height (about 2 ft for air) the coefficient h becomes 
independent of H and proportional to (t; —t,,).. They correctly 


=e: 4: 
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concluded that turbulence occurs above that height. It is worth 

noting that Nusselt (3) had already predicted an analogous phe- 

nomenon for horizontal cylinders placed in cooler air when 

(Nar)p > 10’, the diameter D being used as characteristic length. 
The occurrence of an exponent n = '/; in the equation 


was later verified by a correlation of King (1) and by Jakob and 
Linke (7) in representing their own and Jakob and Fritz’s experi- 
mental results (8) for not too vehemently boiling water. Accord- 
ing to these investigations, the following equations can be used 
for vertical surfaces in an unrestricted fluid 


(Nxu)y = 0.555 [14] 
for the laminar range and 
= 0.129 [(Nar)aN er] {15} 


for the turbulent range. 


Jakob and Linke further showed that Equation [13] with n = 
'/; may also be used for the convection on the upper side of a 
horizontal plate (subscript uw) on which water is boiling, and they 
concluded that in the range of their experiments, 4..." = 7 to 5200 
B hr~! ft~?, the coefficient of convection on a horizontal plate is 
independent of the size of the plate except for a possible effect of 
the edges. In fact, this had to be expected because it would not 
be understandable why the heat transfer on one place of a large 
horizontal plate should be different from that at any other place. 

In other words, if Equation [13] is valid, then n = '/3; must 
necessarily occur in all cases where no reason exists why h should 
depend upon a characteristic length. In a subsequent paper, 
Jakob and Linke (9) found by experiments with boiling water 
and carbon tetrachloride that the constant C of Equation [13} 
sensibly exceeds the values given in Equations [14] and [15]. 
For vertical surface, in the range where n = '/;, C, = 0.61 was 
found, compared to C, = 0.555 in Equation [14]. This difference 
may be due to the action of the steam bubbles which is rather 
mild in the considered range, but increases rapidly at higher load 
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for vertical surfaces according to Equation [15]. Here, in 
addition to the effect just mentioned, the difference of surface 
orientation seems to play a role. In fact, such an effect had 
previously been observed by Griffiths and Davis (6). From 
their tests on horizontal heating plates in air facing upward, the 
following equation can be derived 


= 0.275(t, — t,,)'/*... . [16] 


with 
in B hr~! ft? and (¢; — t,,) in Fahrenheit units. 


Combining this with their original values for vertical plates, 
2 and 8?2/, ft high 


dee 1.28 ....f17] 
to be compared with C,/C, = 0.16/0.129 = 1.24. 

For horizontal plates, facing downward (subscript d) where 
theoretically only conduction would be expected, Griffiths and 
Davis’ measurements can be represented by 


= 0.50 ~ 0.64 [18] 
It may be noted that 
1.28 + 0.64 


Wilkes and Peterson (11), however, obtained about’ 1.6 instead 
of 1.28 (Equation [17]) and about 0.35 instead of 0.50 (Equation 
{18]). Their data are based on experiments with only 10 F 
temperature difference and therefore probably less exact. 


4. New EquaTIONS FOR FREE CONVECTION THROUGH ENCLOSED 
PLANE Gas LAYERS 


In the range of (Nar), = 10,000 to 10,000,000, Mull and Rei- 
her’s experimental data for horizontal air layers can be repre- 
sented by two straight lines in bilogarithmic co-ordinates, Fig. 
1. Intersection of these lines occurs at log (Ner), ~ 5.57, 


(9, 10). With horizontal surface facing upward, n = '/; corresponding to (Ner), ~ 370,000. However, a state of transi- 
and C, = 0.16 were observed to be compared with C, = 0.129 — tion may exist between (Na), ~ 200,000 and 800,000. In the 
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Fic. 2 CorreLaTION FOR VERTICAL AIR LAYERS 


upper range,* similarly as for a heated surface, facing upward, or 
for a vertical surface 


k..,/k = 0.068(Nor);'/*..... 


In the lower range, in analogy to the behavior of vertical sur- 
faces in a medium range of Grashof numbers 


For (Nor), —> 0, finally 
Ks or log (kes ‘k) 22 


as indicated by a dotted line in Fig. 1. 

The meaning of Equation [20], obviously, is that above a 
certain thickness L the coefficient of heat transfer does not change 
any more, but should be the same as for a single horizontal plate, 
facing upward. 

This may be checked by calculating an example: According 
to Equation [20] 


For t; = 75° C, t, = 52° C, and 730 mm Hg atmospheric pressure, 
Mull and Reiher took 8g/v? = 0.110 (10°) m=? C-! and k = 23.0 
(10-%) keal “Using these values and converting to 
British technical units 


= 0.068(23.0)10~*(0.673) 0.110)’ *(10°)0.3048(1.8) (t 
— = 0.277(t, — 


in excellent agreement with Equation [16]. 

For vertical air layers, employing again bilogarithmic repre- 
sentation, all experimental points of Mull and Reiher and three 
points of other authors which they also used are plotted in Fig. 2. 

At Grashof numbers as smal! as 2000, in analogy to Equation 
(7}, no influence of H/L upon k,,,/k seems to exist in the range of 
the experiments (H/L = 10.6 to 42.2). 


* Particularly after correcting the highest point, at (NoG;)_ = 
5,890,000, for which Mull and Reiher erroneously have entered 
kew/k = 13.5 (instead of 14.5) in their original graph. 


For still smaller Grashof numbers, the ratio *,,,/k approaches 
unity in analogy to Equation [22]. 
In the range of (Ver), = 20,000 to 200,000, the following 


equation represents the experimental data 
= (23 | 
and in the range of (Ver), = 200,000 to 10,000,000 
kew/k = [24] 


Again the exponents, !/, and !/3, of (Nor), are significant for 
laminar and turbulent flow. The exponent —-!/5 of H/L, how- 
ever, has been found empirically. The increase of /..,./k with 
decreasing H/L is probably an effect of the lower and upper edge 
of the gas layer. 

It is questionable how far beyond the range of the experiments 
Equations [23] and [24] are valid and, in particular, down to 
which smallest value of H/L Equation [24] can be used; cer- 
tainly not down to H/L = OQ, where it would yield an infinitely 
large heat transfer whereas the behavior of single vertical plates 
should be approached. However, the experimental point for 
H/L = 3.12 at Ner = 10,820,000 in Fig. 2 is in excellent agree- 
ment with the value caleulated from Equation [24] (log[k,.,/k | 
= 1.105, observed and 1.103, calculated) so that Equation [24] 
actually seems to be valid down to the ratio of H/L = 3. 

Lines for H/L = 5; 10; 20; and 40 are drawn in Fig. 2, to 

facilitate interpolation. It is seen that they are in good agree- 
ment with the experimental points. ‘ 
‘ Mull and Reiher’s paper includes one measurement for 45 deg 
inclination of the air layer. At H/L = 10.5 and (Ne), = 
1,050,000 they obtained k,/k = 6.13. Under the same condi- 
tions Equations [20] and [24] yield k,,,/k = 6.92 and k,,,/k = 5.09, 
the mean of which is 6.005. This result suggests that for angles 
from 0 to 90 deg linear interpolation between these equations 
may give reasonable results. 


5 Discussion oF DirFERENT EXPERIMENTAL RESULTS 


It must be mentioned that experiments, performed by Wilkes 
and Peterson (12), led to about 50 per cent higher values of q.” 
for vertical layers. An air layer with L = 0.302 and H = W = 
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2.667 ft was used, and it seems that the temperatures (t; = 60 deg 
F and tf = 40 deg I) were not varied either, so that the result 
would refer to (Nar), ~ 1,700,000 only. The data given in the 
authors’ paper do not allow one to check the accuracy of the 
results. The higher heat transfer obtained by them may be due 
to inclusion of the flow of heat through the studs confining the air 
layer and to the lack of a ring heater with airlayer. Griffiths and 
Davis (6), employing a vertical layer with L = 1/,ft and H/L = 
24.8, arrived at almost 40 per cent higher heat transfer than Mull 
and Reiher, assumedly for the same reason. Experiments of 
Schmidt (13), on the other hand, performed with vertical layers, 
0.263 or 0.526 ft thick, led to results in good agreement with 
those of Mull and Reiher (see Fig. 2). In these experiments a 
layer of 5-ft height was divided into three layers, each 12/; ft high, 
by means of thin, horizontal strips of plywood, the adjacent layers 
giving some heat protection to each other. A test by Nusselt 
(14), on a vertical layer (ZL = 0.13 ft, H = 1.5 ft) led also to 
satisfactory agreement with our representation (see Fig. 2); this, 
however, may be accidental, considering the not too accurate ex- 
perimental procedure. 

With their air layer in horizontal position, Wilkes and Peterson, 
again at (Nar), © 1,700,000, obtained a 40 per cent higher value 
than according to Mull and Reiher, whereas an experiment of 
Schmidt (13), at (Nar), ~ 30,000, led to a 33 per cent smaller 
value than according to Mull and Reiher. This experiment was 
performed on a twin-plate device for measuring thermal conduc- 
tivities, using a l-in. air layer. 

Considering the results of Wilkes and Peterson, and of Griffiths 
and Davis, the author looked for reasons why Mull and Reiher 
might have obtained too small values of convection. Referring 
to Equation {1], the value k, was 27 to 49 per cent of k, in their 
experiments. They determined k, individually in each test by 
bringing the plates in horizontal position, heating the upper one, 
and assuming that no convection at all occurred in this case. 
According to Equation [20] or Fig. 1, this would mean that at 
(Nez), = 1,700,000, after deduction of the radiated heat, the heat 
flow downward would amount to 12.3 per cent of that upward. 
This is not an unreasonable result, considering that Wilkes and 
Peterson found 23 per cent, without taking such precautions as 
the use of a heated air ring and thin balsa-wood strips to secure a 
strictly vertical heat flow downward. Anyway, k, may have 
been found. only a few per cent too large and k, some per cent too 
small in Mull and Reiher’s procedure. Incidentally, the emis- 
sivity of the zine-plated steel sheet determined by them was 
rather too small than too large, according to the known values 
from literature, and there was no systematic influence of L on the 
measured value of that emissivity as would have been if convec- 
tion had played a role. 

Hence the only explanation for the mentioned differences is 
that, as just given, the Mull and Reiher values belong to the case 
of an enclosed partition, cut out somewhere in the middle of an 
extended gas layer between two parallel surfaces, each at uni- 
form temperature, and with a practically nonconducting border 
strip, whereas in Griffiths’ and Davis’ results, as well as in those of 
Wilkes and Peterson, conduction effects on the edge of the layer 
are included, Therefore Equations [20], [21], [23], and [24] and 
Figs. 1 and 2 of the present paper yield values which may have 
to be inereased by empirical factors if less ideal conditions exist 
at the edge of the air layer. 


6 Free Convection TurouGH ENcLosep PLANE LiQuip 
LAYERS 


According to the theory of similarity, Equations [20], [21], [23], 
and [24] should hold for any diatomic gases, except in such ex- 
treme ranges where the Prandtl number appreciably differs from 
Np, = 0.72, as assumed for air. Since for horizontal and vertical 


surfaces Equation {13| has been found to hold for gases and for 
liquids, even in the state of not too vehement boiling, with only 
moderately different values of C, the equations mentioned for 
confined layers may tentatively be used for other than diatomic 
gases and for liquids by multiplying the right sides by (Ve,/ 
0.72)", with n = '/, and '/;, respectively. 
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Discussion 


W. J. Kinc.4 This paper constitutes a useful contribution to 
the literature of heat transmission, by making the data of Mull 
and Reiher available to American engineers in the form of a con- 
venient and significant correlation. 

The use of an “equivalent conductivity,” k,, has the advantage 
of expressing heat transfer through air spaces in the same units 
as for solid insulation or building materials, which may be con- 
venient for combining terms. On the other hand, there is a dis- 
advantage in that the conductivity of an air space is by no means 
a constant property of the material, as in the case of cork or 
brick, so that the actual relationship between heat transfer and 
thickness of the air space is somewhat obscured. 

For example, it is shown that for certain conditions the con- 
ductivity is proportional to the */, power of the thickness. 
Actually, since the heat-transfer coefficient h (heat flow per unit 
time per unit area per degree temperature difference), is equal to 
the conductivity divided by the thickness, i.e. 

k 


‘Research Engineer, Battelle Memorial Institute, Columbus, 
Ohio. Mem. A.S.M.E. 
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it turns out that the heat flow varies inversely with the '/; power, 
or 4th root of the thickness, in this region. 

It is also important to understand that for the wider air spaces 
or higher Grashof’s numbers, where the conductivity is directly 
proportional to the thickness, the actual heat-transfer rate, as 
Btu per hour per square foot per degree temperature difference, 
is independent of the thickness. 

Probably the most questionable feature of this correlation is 
the effect of height upon heat transfer across vertical air layers, 
as expressed by the term (H/L) -/ in Equations [23] and [24] 
of the paper. As the author points out, for the higher values of 
Grashof’s number, to which Equation [24] applies, the heat trans- 
fer should be similar to free convection from exposed plane sur- 
faces, in which case the effect of height is sometimes more pro- 
nounced. In fact, for vertical surfaces about 1 ft high, the effect 
of the height H, may be represented by the —*/, exponent, under 
ordinary conditions. 

Tests on enclosed air spaces made by E. R. Queer® in this 
country showed that the heat transfer across an air layer 4!/¢ in. 
high was about 80 per cent greater than for a height of 35 in. 
For a height ratio of 1 to 8, as in this case, the —'/, exponent 
would give a 1.27 ratio of heat-transfer rates, instead of the 1.8 
ratio observed by Queer. It is very likely that the effect of 
height becomes more pronounced as the height is decreased. 

The author recognizes the fact that this exponent is not con- 
stant, pointing out that Equation [24] would give infinitely large 
heat-transfer rates for H/L = 0. This brings out the danger 
of applying such equations as these to conditions too far re- 
moved from those under which the original data were obtained. 


AUTHOR’s CLOSURE 


In discussing the concept of “equivalent conductivity,” Mr. 
W. J. King uses the word ‘‘equivalent” only once and then omits 
it for brevity. Then, of course, all statements concerning that 
quantity become odd, as, for instance, the one that the conduc- 
tivity be proportional to the 3/4 power of the thickness. The 
sense of introducing an ‘‘equivalent’’ conductivity, however, is 
only to show how much more heat is actually transferred than 
would be by conduction alone. The ratio k,/k = 1.5, for in- 
stance, means that the heat transfer by convection is 50 per cent 
larger than the heat transfer by mere conduction. 

This sort of representation is neither novel nor unique. The 


5 ‘Importance of Radiation in Heat Transfer Through Air Spaces,” 
by E. R. Queer, Heating, Piping and Air Conditioning, vol. 3, 1931, 
pp. 960-965. 
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rate of heat exchange by radiation q,, for instance, is often ex- 
pressed by means of an “equivalent’’ coefficient of radiation, h,. 
For black surfaces h, is defined by the equation 


q, = cA(T,\4— = h,A(T, — 72) 
wherein 


T = absolute temperature 
o = constant of Stefan-Boltzmann’s law 


It is seen that h, is not a constant as ¢, but depends upon 7 and 
T2in arather odd way. However, when convection and radiation 
occur in the same field, it is practical to use h,, because the total 
coefficient of heat transfer simply becomes 


h=h, +h, 


Also the ratio k,/k should just be considered as a practical form 
or as a Nusselt number (see Equation [4] of the paper). 

The term (H/L)~'/* of Equations [23] and [24] was chosen 
empirically as best representing the points in Fig. 2 of the paper. 
However, its influence is small and it would have been possible to 
neglect it entirely and to represent each of the point groups | 
and II of Fig. 2, by a single straight line, yielding values of k,,, 
with extreme deviations of +10 per cent from the measured 
values. Doing so, Equation [23] would contain only the ex- 
ponent !/,, in analogy to Equation [14]. 

Mr. King has further directed the author’s attention to a paper 
of E. R. Queer,’ who observed a much larger increase in heat 
transmission when the height H was reduced than did Mull and 
Reiher. This seems to be partly due to the heat conduction 
through the wooden strips which confined the air layers and the 
thick plates extending over the top and bottom of the apparatus. 
According to Fig. 2 of Queer’s paper, these probably were. thick 
enough to cause the large heat transfer observed by him for small 
ratios H/L. A part of the discrepancy, however, is due to the 
difference in the absolute values of heat transfer, observed in 
the two investigations for great ratios of H/L. For example, at 
L = 1/12 ft, t,, & 75 deg F, t: — h = 50 F, the author’s Equa- 
tion [23] yields q,,,.” = 21.5 Bhr= ft~? for H = 4.5/12 ft, and 
Yeo” = 17.2 for H = 35/12 ft, in agreement with Mull and 
Reiher’s experiments, whereas Queer obtained q,,,”. = 27.5 and 
15.3, respectively. 

When the author by illness was prevented from presenting his 
paper personally, Mr. King kindly presented it for him, adding 
some interesting comments which form the subject of his discus- 
sion. The author wishes to express his appreciation for Mr. 
King’s co-operation and valuable contribution. 
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A Graphical Determination of Unshielded- 


Thermocouple Thermal Correction 


By W. M. ROHSENOW,! ANNAPOLIS, MD. 


This paper presents a simple and rapid method for de- 
termining the thermal error of an unshielded thermo- 
couple, with slide-rule precision. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


( = rate of heat transfer by convection 
R = rate of heat transfer by radiation 
C = rate of heat transfer by conduction 
Ty = absolute temperature of V, deg R 
ty = temperature of NV, deg F 
h = film coefficient of heat transfer, Btu hr~! ft-2 F- 
k = thermal conductivity of thermocouple wire, Btu hr ! 
ft—? (F/ft)-! 
o, = Stefan-Boltzmann constant = 
= emissivity 


1.723 Btu hr! 


n = transmissivity 
a = absorptivity 
(; = mass flow per unit cross section of duct area, lb ft ~? see™! 
A = thermocouple bulb surface area, ft* 
)) = thermocouple wire diameter, ft 
thermocouple bulb diameter, in, 
b = exposed length of thermocouple, ft 
Tr = — Ty)/4(Tr — Tw) 


T, = average temperature between Ty and Ty = '/2(7' 7 + 
Tw) 
= (Tg T,)/(Tr — Tw) 


Subscripts: 

G = gas 

T = thermocouple 

W = wall 

S = thermocouple surface 
GT = gas to thermocouple 
TW = thermocouple to wall 


INTRODUCTION 


The problem of measuring the temperature of a gas stream by 
employing a thermocouple has been well treated by King (4),? 
Fishenden and Saunders (6), Bennett and Pirani (7), and Bosan- 
quet (8). The accurate measurement of the temperature of a hot 
gas flowing in a duct is more difficult than the accurate measure- 
ment of the temperature of a solid or liquid. The temperature 
indicated by a thermocouple placed in the gas stream, Fig. 1, will 
always lie between the temperature of the gas itself and of the 
surrounding walls. 

The thermocouple reading is in error because heat is exchanged 


' Ensign, U.S.N.R., U. S. Naval Engineering Experiment Station. 
June A.S.M.E. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division for publication in the 
Transactions of THE AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in this paper are to be 
understood as individual expressions of the author and are not to be 
construed as official nor reflecting the views of the Navy Department 
or naval service at large. 
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Fie. 1 Skeren or Duct Wire TemMPeRATURES INVOLVED 

between the thermocouple and the wall by radiation, and heat is 
The 
analyses for the cases in which the gas is hotter than the wall and 
in which the wall is hotter than the gas are identical. When the 
gas is hotter than the wall, the thermocouple temperature is such 


transferred along the thermocouple wires by conduction. 


that the rate of heat transfer by convection from the gas to the 
thermocouple plus the radiation from gas to thermocouple is 
equal to the radiation from the thermocouple to wall plus the 
conduction along the thermocouple wires. This may be stated in 
equation form 


Qer + Ret Rrw + ¢ [1] 


The purpose of this paper is to present a simple and rapid 
solution of this equation in mathematical form and in chart form. 
The solution of Equation [1] involves solving a fourth-degree 
algebraic equation which is quite cumbersome to manipulate. 
The method of solution presented in this paper is simple and 
greatly reduces the time necessary to determine the thermo- 
couple error. This method has slide-rule precision, which is 
more than sufficient when one realizes the inability to predict 
accurately emissivities and film coefficients of heat transfer. 


ANALYSIS 


From the laws of convection and radiation, which may be 
found in McAdams (1), Equation [1] may be written in the form 


l+e, 


Ah(T'g—T 7) + Age, | — 


(To*— Tr‘) 


= Aonge,(Tr*— Ty').......... [2] 


in which the conduction term is neglected. The conduction 
term is usually small; so it is neglected in the development of the 
equation from which the charts are constructed. Later a solution 
will be obtained for determining the magnitude of this conduction 
error. 

The gaseous radiation term Rg7, and the gaseous emissivity 
€g of Equation [2] may be evaluated as indicated by McAdams,’ 
and the thermocouple surface emissivity «, may be estimated as 
indicated by McAdams.‘ 

If it is assumed that eg = ag, then the transmissivity of the 
gas is 


1G 


Dividing Equation [2] by h(7'7 — Ty) and simplifying 


3 Reference (1), p. 68. 
4 Reference (1), p. 393. 
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¢, (1 — eg) + aa 
H 
Tyw* Tr—Tw Tr+Tvw TTT 
Since Tg, and Ty are all large and of the + 
same order of magnitude and their differences are s— MASS FLOW PER UNIT - 
small compared with the absolute magnitudes, coermicient. — ian 
the last two terms of the identity [4] are approxi- LHF ||_— T | ' | Ltt 
mately equal to unity; hence | 
‘O01 10 30100 
To ~ bic. 5 For DeterMINING CoerriciENT OF Heat TRANSFER FOR 


= 
Tr*— Tr—Tw CyiinperS Norma To Gas STREAM 


(Computed from Fig. 111, p. 221 of McAdams, Bibliographg reference 1.) 
This approximation does not produce a serious 
error because it appears in the second term, in braces, of | the average temperature between T'7 and Ty, Equation [8] 
Equation [3]; and since eg is small compared with ¢,, the second — indicates that 
term is much smaller than the first term. 


Substituting Equation [5] in Equation [3 ¥ 9) 
The error in the assumption that 7,, = T, is found in Fig. 4. 
@=4 ; T,'...................{6] Usually this error is less than 10 deg F and may be neglected. 
t 


If eg = 0 then ¢’ = «, and if 7, is assumed equal to 7, Equa- 


tion [6 comes 
where the terms are defined in the nomenclature and where 1 [6] be 


4 —Ty 
in which e’ is called the effective emissivity. For all practical purposes 
The solution of Equation [6] may be obtained from the dia- o =o, = 1.723 X 10-°............... {11} 
gram in Fig. 2, and e’ may be obtained from the diagram in Fig. 3. 
Expand T,,, as defined in the nomenclature Use or THE Diacrams 
Tet Tet Tr + Te Tt + Te? It is noted that a value of Tis necessary to evaluate e’ in Fig. 3; 
T,? = r hence the solution is of the trial-and-error type. First, solve for @ 
4(T, — Tw) 2 2 from Fig. 2, assuming e’ = ¢«,. Then with this value of @ deter- 


Since '/2(Tp + Tw) = Ty, and').(T 7? + Ty?) & 7,2, where T, is mine e’ from Fig. 3. This new value of will be sufficiently close 
to the true value to obtain a solution. Now return to Fig. 2, 


200061" TT TT to VT 7 V T with the new value of e’ and solve for 6 and for (7’'g — Ty). 
oo Sevameaes ae 404 7 Tt In order to obtain a solution of Equation [3] from Fig. 2, it is 
necessary to know A, the film coefficient of heat transfer between 
t | the flowing gas and the thermocouple. If the thermocouple 
V “ 1 anv + | approximates a cylinder normal to the gas stream, the curves in 
(S500}——+ 2 aa - Fig. 5 may be used to estimate the value of h. For a given gas 
A TT . va Os temperature, obtain from Fig. 5 the ratios G’/G and h/h’; then 
A res al 7 A itt - for any gas flow G, the value of G’ isknown. Now determine the 
value of h’ for a given thermocouple tip diameter; then h is the 
product of h’ and h/h’. The curves in Fig. 3 are computed from 
1000 +++ data presented by McAdams’ for air flowing normal to a single 
gs cylinder. If this condition is not approximated, some other data 
must be used for estimating the value of h. 
Ao 
seek. AK \4 TALL p_| | In the foregoing analysis the conduction heat-transfer term C 
\ van | of Equation {1} has been neglected. This term is usually small, 
WA AA A | b elt but in order to determine its effect consider the conduction of 
AA VY] | Ri heat to the cold wall along the two wires of the thermocouple in a 
ae gas stream as shown in Fig. 6. The differential equation is 
fe) dt 4h 
500 1000 ty 1500 2000 (12} 


Fia. 4 DraGRaAM DETERMINING T'm — Te 5 Reference (1), Fig. 111, p. 221. 
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whose solution® at x = 0 is 


— 1 


tg—tw 


This equation is shown graphically in Fig. 6. 


ILLUSTRATIVE EXAMPLE 


Determine the gas temperature of a gas flowing through a duct 
with the following conditions: 


G = 7.2 lb sec™ ft~? 


tr = 1450 F 
ty = 1350F 
D = 0.0675 in. = 0.005625 ft 
do = in. 


b =6in. = 0.5 ft 
k = 220 (assuming copper) 
tg = 0.085 


Solution: From Fig. 5, G’/G = 0.90 and h/h’ = 1.20 for a 
temperature of 1450 F; then G’ = 0.90 X 7.2 = 6.48 Ib sec! 
ft-*. Fora 4/g-in. tip diam, h’ = 100 from Fig. 5, and h = 1.2 X 
100 or 120 Btu 

Now t, = '/2(t7 + tw) = 1400 F, and from Fig. 4, (¢,, —t,) = 
1!/, F; sot,, = 1400 + 1'/, = 1402 F. 

As a first approximation determine 7 from Fig. 2 by assuming 
e’ = e, = 0.8; enter the diagram in Fig. 2 at the left with t,, = 


€ See reference (6) or (2). 
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1402; then follow the dotted line in the direction of the arrows to 
h = 120, e’ = 0.8, and to @ = 0.805. Use this value of 6 to deter- 
mine ¢’ from Fig. 3. Enter Fig. 3 with @ = 0.305; follow the 
arrows to e, = 0.80, eg = 0.085 and then to the left alignment line 
to locate point A. Locate point B by following the arrows from 
€g = 0.085 to «, = 0.80 to the right alignment line. Connect 
points A and B with a straight line to locate point C, reading 
e’ = 0.755. 

Return to Fig. 2 with the new value of e’ to obtain the new 
value of @ = 0.285. Continue to (tp — ty) = 1450 — 1350 = 100 
F and up to obtain the thermocouple correction (tg — ty) = 2S 
deg F; hence tg = 1450 + 28 = 1478 F. 

If gaseous radiation is neglected, eg = 0 and e’ = e,, and if t,, 
is assumed to be equal to ¢,, the solution from Fig. 2 yields 
(tg —tr) = 380F, and tg = 1450 + 30 = 1480 F. 

An estimate of the effect of conduction along the thermocouple 
wires is obtained from Fig. 6. For this example 

hb? (120) (0.5)? 
kD (220)(0.005625) 
then from Fig. 6, the error term due to conduction alone is 
tg—tr tg — 1450 
ig ~~ 1300 
from which tg < 1451 F. Hence the error due to conduction 
alone is less than 1 deg F in this case. 


< 0.001 


CONCLUSIONS 

To determine the gas temperature solve Equation [6] mathe- 
matically or graphically by using the diagrams in Figs. 2, 3, and 4. 

For a less precise solution solve Equation [10] mathematically 
or graphically by using only Fig. 2, with e’ = e, and t,, = tg. 

Either of these methods will yield results which are better than 
our knowledge of surface and gaseous emissivities and heat- 
transfer film coefficients warrants. 
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Coaster Gate and Handling Equipment for 
River Outlet Conduits in Shasta Dam 


By J. E. WARNOCK! anv H. J. POUND,? DENVER, COLO. 


At Shasta Dam, a coaster gate is used to close the intake 
of any one of the eighteen 102-in. conduits in the spillway 
section of the dam. Each conduit is provided with a con- 
trol valve. The coaster gate is used to close the intake of 
each conduit whenever required for inspection and servic- 
ing of the control valve and conduit. It may also be used 
for emergency closure in the event of failure of a control 
valve. Since the gate design is predicated on emergency 
conditions of maximum head, when it is subjected to large 
unbalanced pressures, hydraulic model studies were con- 
ducted to determine the best shape of gate to minimize 
the downpull force to which it might be subjected in an 
emergency closing. The procedure followed in conducting 
the studies and the final installations are treated in this 
paper. 


INTRODUCTION 


HASTA Dam, one of the major features of the Central Valley 
S Project, is located on the Sacramento River, 9 miles above 
Redding, Calif. It is designed as a multipurpose dam with 
facilities for flood control, river regulation, and power generation. 
Release of stored water for river regulation in excess of the 
capacity of the powerhouse turbines is accomplished by eighteen 
102-in-diam conduits in the spillway section of the dam. Each 
of these conduits is provided with a control valve. A coaster 
gate is used to close the intake of any one of the 18 conduits when- 
ever required for inspection and servicing of the control valves 
and conduits. The gate may also be used for emergency closure 
in the event of failure of a control valve. 

Normally the gate is operated under balanced hydrostatic pres- 
sures with no flow in the conduits. However, design conditions 
were taken as those which exist during emergency closure under 
maximum head when the gate is subjected to large unbalanced 
pressures. 

As the gate is lowered under emergency conditions, the increase 
in velocity under the gate acts to decrease the pressures on the 
downstream face while those on the upstream face remain sub- 
stantially constant. The frame of the gate must resist the re- 
sultant force which pushes it against the face of the dam, and the 
rollers supporting the gate must have a low frictional resistance 
or the gate cannot be lowered into the closed position by its own 
weight. Another effect of the high-velocity flow is the reduction 
in pressure on the bottom of the gate which creates an additional 
force, referred to as downpull. Consideration of this force is im- 
portant as it may be equal to or greater than the weight of the 
gate, 

The hydrostatic pressures on the top of the gate can be cal- 
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culated readily; but unfortunately, calculations of the downpull 
force can be only approximate without detailed hydraulic-labora- 
tory studies, The pressures on the bottom of the gate are a func- 
tion of the flow velocity under the gate, the shape of the gate 
bottom, and the gate opening, and they may vary from full hy- 
drostatic pressure to the vapor tension of water. The value of 
the downpull force is therefore dependent upon the velocity dis- 
tribution and flow pattern beneath the gate, since the pressure 
reduction at any point on the gate bottom is equal to the velocity 
head at that point. 

In previous designs an approximation of the downpull force 
was considered satisfactory, but at Shasta Dam the estimated 
downpull on the coaster gate was so large that the total load on 
the handling equipment was about 60,000 Ib in excess of the per- 
missle load. The gate was to be handled by a 125-ton gantry 
crane, operating on the bridge across the spillway section of the 
dam. The capacity of this bridge was the limiting factor. Such 
a circumstance arose from the fact that the original plan was to 
handle the coaster gates from a barge and the bridge was designed 
for normal traffic load. When later in the design the handling 
equipment was transferred from the barge to the bridge, it was 
necessary to determine more accurately the downpull force and to 
reduce it, if possible, to avoid a drastic change in the design of the 
bridge across the spillway. 


Hypravutic Srupies 


Hydraulic model studies were made to check the computed 
downpull and to develop a new shape for the gate bottom. Var- 
ious shapes were tested and a satisfactory design was developed. 
A combination of this design and a properly proportioned recess 
in the face of the dam above the inlet reduced the downpull from 
the original value of 260,000 pounds to 70,000 Ib. , 

The studies were made with a model of the conduit and coaster 
gate built to a scale of lto17. Test data included pressure meas- 
urements on the gate and in the outlet for several heads and gate 
openings. The downpull was determined by integrating the 
pressure curves shown in Fig. 1. In the tests of the final design, 
the value obtained by pressure integration was verified by direct 
measurement with a spring scale. 

With the gate of the original design in the full-open position, 
and a head representing the maximum of 323 ft, the downpull 
was approximately 75,000 lb. As the gate was lowered the 
downpull gradually increased to a maximum of 260,000 lb at an 
opening of about 8 ft 6 in. and then decreased gradually to zero 
for the closed position. 

The typical variation of downpull with gate opening, which is 
shown graphically in Fig. 3, may be explained by a consideration 
of the variation in magnitude and distribution of velocity under 
the gate. When the gate was fully opened the discharge was a 
function of the size of the outlet conduit and its frictional resist- 
ance. As the gate was lowered it created a restriction in conduit 
cross section; and since the discharge was not reduced in the 
same proportion, there was an increase in velocity and a reduction 
in pressure under the gate and for a short distance downstream. 
The decrease in pressure caused an increase in downpull. 

Since the conduit was vented downstream from the gate, air re- 
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lief was obtained when the restriction in area was sufficient to 
lower the pressure at that point to atmospheric pressure. When 
the pressure downstream from the gate was restrained from de- 
creasing to any appreciable extent by the presence of air relief, 
it may be said that the gate became a control. The discharge 
under this condition became a function of gate opening and head 
and was not affected by the conduit. At the gate,opening cor- 
responding to maximum downpull, the gate became a control 
and the velocity along its bottom reached its maximum value. 
For lesser gate openings, the velocity at the downstream edge of 
the bottom was increased slightly by a minor decrease in pressure 
downstream from the gate. However, at these openings the 
proportions and shape of the gate bottom relative to the size of 
the opening changed in such a manner that the velocity along it 
actually decreased and pressures increased enough to lower the 
value of downpull. 

At small openings on the original design the jet under the gate 
impinged on the top of the conduit and interfered with proper 
action of the vent. 


REDUCTION OF DOWNPULL IN ORIGINAL DESIGN 


The hydraulic downpull force of 260,000 Ib, as determined by 
the pressure tests, did not agree with the original analytical es- 
timate of 160,000 Ib. A review of the original calculations indi- 
cated that the estimate of 160,000 lb considered only the pressure 
reduction on the sloping portion of the gate bottom and assumed 
that a recess in the face of the dam above the outlet entrance 
would balance the pressures on the projected seals. The model 
test was made without a recess, and the unbalanced pressures on 
the top seal contributed at least 100,000 Ib to the total downpull 
of 260,000 Ib. A recess in the model of the original design would 


PRESSURE STuDIEs OF Gate Borrom 


have tended to balance the pressures on the top seal, and it was 
possible that a closer agreement might have been obtained. 
However, the downpull would still have been excessive; there- 
fore consideration was given to reduction of the force by revision 
of the shape of the gate bottom. The effectiveness.of a recess in 
the face of the dam was determined only for the most satisfactory 
gate bottom and will be discussed subsequently. 

Studies of the flow under the gate and the pressure on its bot- 
tom indicated that a large reduction of downpull could be ob- 
tained by a simple revision of the bottom. The flow under the 
gate and into the outlet was studied by observing the movements 
of paper particles in the head tank through a window. The par- 
ticles approached the outlet from all directions, moving slowly 
until they were within a few inches of the outlet, where they ap- 
peared to be drawn instantaneously into it, indicating a rapid in- 
crease in velocity close to the ‘outlet entrance. This rapid 
increase in velocity was also shown by the pressure gradient across 
the 45-deg sloping portion of the bottom of the gate, Fig. 1, de- 
sign 1. At the upstream edge the pressures were practically 
hydrostatic. On approaching the outlet the pressure reduction 
was gradual at first, but it became rapid close to the downstream 
edge. At the point where the 45-deg slope ended, the pressure 
reached a minimum. This was the spring point of the gate, that 
is, the point where the water normally sprang free of the gate 
bottom to form a jet in the conduit. 

The face of the gate projected a distance of 8*/s in. beyond the 
spring point as shown in Fig. 1. The pressure forces acting upward 
on this projection were much lower than those acting down- 
ward so that it contributed an excessively large part of the down- 
pull when its relatively narrow width was considered. By com- 
parison, the much larger area of the 45-deg sloping bottom played 


e 
| DESIGN 3 § 
= i Bevel = 
' 
' 
' 
- 
as 


WARNOCK, POUND—COASTER GATE AND EQUIPMENT FOR RIVER OUTLET CONDUITS IN SHASTA DAM 


only a minor role because the low pressure prevailed only in the 
vicinity of the spring point. The original bottom design was re- 
vised by extending the sloping portion until it underlay the pro- 
jecting seal, as shown in Fig. 1, design 2, This change placed the 
spring point close to the face of the dam and eliminated the unde- 
sirable projecting area. The pressure distribution on the revised 
gate bottom is shown in Fig. 1, design 2. The shape of the pres- 
sure curve remained the same but the elimination of the projec- 
tion and its unbalanced loading reduced the downpull from 
260,000 to 103,000 Ib. 

In contrast to the original design, where the maximum down- 
pull occurred when the conduit was not completely filled with 
water, the maximum value with the revised gate occurred while 
the conduit was filled with water, just before a slight additional 
closure would lower the pressures so that the conduit would take 
some air through the vent. In addition to reducing the down- 
pull, this revised design changed the shape of the jet flowing into 
the outlet so that the jet at no time impinged on top of the con- 
duit to restrict the air vent, as was the case in the original design 
when the gate was open between 2 and 3'/4 ft. 


OF ExTENDED Lip BELOW DownstReEAM EDGE OF 
Borrom GATE 

Although the revision of the bottom accomplished the desired 
reduction in downpull, the gate was not satisfactory structurally. 
The sloping bottom would have been difficult to fabricate and 
heavy plates would have been required to withstand the loads 
on its downstream edge. Thus it was necessary to make further 
tests to develop some other type of gate which would have even 
less downpull or at least a more acceptable structural design for 
the bottom. 

The original tests indicated that a gate having a minimum 
downpull would be one with a lip placed at the downstream edge 
of the bottom and extended vertically below the gate. This 
would place the spring point at a greater distance from the bottom 
and the effect of the rapid drop in pressure which occurs near the 
spring point would be exerted on the vertical plane of the ex- 
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tended lip and would not contribute to downpull. To verify 
these indications, tests were made with an extended lip. The 
length of the lip was varied in successive steps, from zero to a 
length nearly equal to the thickness of the gate. 

The complete shape of the gate bottom which will be referred 
to hereafter as the basic shape is shown in Fig. 2. The bottom 
was faired into the upstream plate on a 9-in. radius, to minimize 
the local reduction of pressure on the bottom where the flow down 
the upstream face of the gate changes direction below the gate. 
The extended lip was */, in. thick, and its bottom was beveled at 
45 deg to place the spring point at the downstream edge of the 
lip and reduce the effect of the thickness on the downpull. 
The extended lip was supported by gusset plates attached to the 
bottom of the gate. These plates were in the plane of flow so 
that their effect on the downpull would be small and could be 
ignored. 

The pressure gradients, as determined in what will be referred 
to as general tests, were similar to those of design 5, Fig. 1, except 
that negative pressures occurred on the bottom of the lip. There 
was some reduction of pressure near the upstream plane, as was 
anticipated, since the flow down the upstream face of the gate 
had to change its direction. However, the pressure increased 
rapidly, becoming a maximum at the downstream corner where 
the lip joins the gate bottom. This effect indicated that not only 
does the extended lip keep the rapid reduction in pressure near 
the spring point on the vertical plane of the lip where it cannot 
cause downpull, but it also tends to form a stagnation point 
which increases in the downstream corner. 

Although the bottom of the lip was beveled at 45 deg to place 
the spring point on its downstream edge, the spring point actually 
occurred at the upstream edge of the lip. The resulting negative 
pressures on the bottom of the lip would cause a downpull of ap- 
proximately 15,000 Ib when the lip was */, in. thick, as indicated 
in Fig. 2. 

The variation of maximum downpull force with length of lip 
extension is shown graphically in Fig. 2. The longest-extension 
considered was approximately equal to the thickness of the gate, 
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as a greater extension would be impractical structurally. The 
graph shows that an extension of 40 in. would reduce the downpull 
to approximately 65,000 lb. As the extension was decreased, the 
downpull increased gradually until, at a lip extension of 14 in., 
the value was 110,000 Ib. A further decrease in the extension 
caused a more rapid increase in downpull which finally became 
360,000 Ib when there was no extension. 


SrructuraL Desians oF FLat-Botrom Gate With EXTENDED 
Lip 


A flat-bottom gate with an extended lip below its downstream 
edge, which would develop a downpull equal to that of the slop- 
ing-bottom gate of design 2, Fig. 1, or about 100,000 lb, would re- 
quire a lip extension of 17 in. This was not practical, since the 
horizontal forces on it would be excessive. Nevertheless, a flat- 
bottom gate having an extended lip was a simple design compared 
with the sloping bottom of design 2. 

Design 3 was more acceptable than the basic shape from a 
structural viewpoint, having a lip extension of 10%/, in. which, 
from the curve in Fig. 2, corresponds to a downpull of approxi- 
mately 130,000 lb. The radius of the curved portion of the bot- 
tom was made 7!/2 in. instead of 9 in., and the thickness of the lip 
was made 1'/, instead of */, in. It was anticipated that the 
smaller radius would increase the downpull a small amount. 
The bottom of the lip was beveled at a steeper angle, 67 deg, 
which placed the spring point at its downstream edge and reduced 
the downpull on the lip, Fig. 1. The tests showed that the 
downpull would be approximately 138,000 Ib. Piezometers 
placed on the lip to determine pressures indicated that the por- 
tion of the downpull due to the 1'/,-in. lip was nearly equal to 
that of the */,-in. lip of the general test in which the spring point 
was at its upstream edge. Accordingly, the curve in Fig. 2 was 
used to predict the downpull of a gate having 1'/,-in. lip with a 
67-deg bevel at its bottom. 
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In design 4, Fig. 1, a simplification of the structural details 
was made by using flat plates and angles to eliminate the curved 
section of the gate bottom. The end of the plate at the upstream 
edge was rounded to avoid a sharp corner at that point. A 1!/,- 
in. lip having a steep bevel, similar to design 3, was extended 12 
in. below the upstream edge. The downpull was 150,000 Ib, 
which represented a 25 per cent increase over that obtained in the 
general test with a 9-in. radius and a 12-in. lip extension. Neither 
design 3 nor 4 was satisfactory for the Shasta Dam outlet coaster 
gates because their downpulls, of 138,000 and 150,000 Ib, re- 
spectively, exceeded the allowable limit. 

A new analysis of the stresses on the bottom of a gate with the 
basic shape used in the general test, Fig. 2, revealed that it would 
be structurally sound if the lip extension did not exceed 14'/2 in. 
Fig. 2 indicated that such a design would develop a downpull of 
110,000 lb. Since this value was not excessive, design 5 was con- 
structed and tested, Fig. 1. It differed from the gate of the 
general test in that a 1'/,-in. lip with a 67-deg bevel at its bottom 
was used instead of */,-in. lip with a 45-deg bevel. The measured 
downpull of 112,000 Ib checked the predicted value of 110,000 
Ib. 

The final design of the Shasta outlet coaster gate was developed 
from design 5. The width was increased from 435/s to 44!/j¢ in. 
for structural reasons, and a clearance of !/2 in. between the lip 
and the seal seats was introduced to facilitate operation of the 
gate. The maximum downpull as determined by pressure meas- 
urements was increased to 122,000 Ib by these changes. An 
independent check of the downpull by direct measurement with « 
spring scale indicated that a slightly larger downpull of 131,000 
lb occurred at a gate opening of 55 per cent. The latter value 
was accepted as the more accurate one as it was impractical to 
take the number of pressure measurements required for a com- 
parable accuracy. 

The over-all effect of the gusset plates was determined by « 
test with the plates removed. 
No appreciable difference in 
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downpull could be detected. 
RECESS, ee ee If plates were terminated at 
the point where the bevel of 
eis bs the lip begins as shown in 
Fig. 1, their effect on down- 
= pull was negligible. 


Errect oF REcEss IN Fact. 
or Dam 

It had been appreciated 
that any one of the various 
designs of the gate could have 
been improved from. thie 
standpoint of downpull by 
introducing a recess in the 
—- face of the dam, This im- 
provement was deliberately 
withheld until the best shape 
of gate bottom was deter- 
mined. 

To understand the action 
of the recess, it must be noted 
that the seals of the gate pro- 
ject beyond the skin plate. 
With no recess, the pressures 
on the top seal were unbal- 
anced when the gate wis 
partially closed. The full res- 
ervoir head acted on the out- 
side, or topside, while the low 
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pressure which prevailed downstream from the gate was exerted 
on the inside, or lower side. The resulting downward force, 
which at times was as large as 100,000 lb, depending on the 
pressure in the outlet entrance downstream from the gate, con- 
tributed a large portion of the downpull on the gate. With 
a recess, starting a short distance above the gate seat, the in- 
crease in the clearance between the seal and the face of the 
recess lessened the velocity of flow around the seal and reduced 
the pressure differential. 

Tests showed that the recess performed its desired function of 
reducing the maximum downpull if its depth was made several 
times larger than the seal extension. At all openings the pres- 
sures on the upper seal were nearly balanced. For gate openings 
less than 40 per cent, the presence of a recess with a uniform 
depth introduced an undesirable complication. With the down- 
pull force on the top seal eliminated by the recess, the increase in 
pressure which occurred at small gate openings over that portion 
of the bottom which underlay the seal was large enough to re- 
verse the direction of the net hydraulic load. The gate was ac- 
tually subjected to an uplift force large enough to offset its 
weight. 

The effectiveness of the recess in balancing the pressures on the 
top seal was directly proportional to its depth. By varying the 
depth in the manner shown in Fig. 3, the reversal of net force on 
the gate was eliminated and the downpull varied as shown in 
Fig. 3. The maximum downpull of 70,000 Ib occurred at a gate 
opening of 80 per cent. 

Since the dead weight of the gate and lifting mechanism is 
90,000, and 10,000 lb, respectively, the maximum total load on 
the gantry crane, including a downpull of 70,000 lb, will be 
170,000 pounds. This is less than the permissible load on the 
bridge, so the design was accepted as being satisfactory. 


Tue Coaster GATE 


The coaster gate is mounted on endless roller trains and is 
lowered by its own weight in structural guides provided in the 
face of the dam to an accurate position over the intakes, Fig. 4. 
The gate consists primarily of a downstream skin plate mounted 
,on horizontal beams which are supported by vertical girders at 
the sides. 

The roller trains around each vertical girder transmit the water 
load on the gate to tracks on the face of the dam at the inlet. 
The tracks are fastened to large CB-sections embedded in block- 
outs provided in the original concrete of the dam, Fig. 5. A 
rectangular steel framework embedded in the concrete around 
the circular inlet supports accurately finished seal seats which 
project slightly from the face of the dam. 

When the gate is used to close one of the conduits on the lower 
tier, it is subjected to a head of some 330 ft, equivalent to 22,000 
psf or a total load of approximately 2,750,000 Ib. As the gate 
weighs only 90,000 lb, roller trains were selected to minimize the 
friction forces so that the gate would close under its own dead 
Weight. 

Metal-covered rubber ‘‘music-note”’ seals, Fig. 5, are provided 
on the downstream face of the skin plate. The design utilizes 
the flexibility of a rubber hinge which permits close local adjust- 
ment but retains the rigidity of metal to support the load of ap- 
proximately 125 lb per linear in. to which the seals are subjected 
When the gate is in the closed position. The rubber core also 
permits simple butt and miter joints to be used in the seal as the 
load on the seal is converted to axial compression which acts to 
seal the joints. 

Advantage is taken of the pressure differential across the gate 
to retract the seals when the gate is closing under flow. This 
climinates drag on the seals and materially reduces the force re- 
sisting closure just as the gate is seated. To accomplish retrac- 
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tion the area immediately back of the seals is closed at the sides. 
This forms a continuous watertight rectangular chamber having 
the movable portion of the rubber seal for one of the sides. 
Pipes connect this chamber, through a two-way valve, to either 
the reservoir pressure on the upstream side of the gate or to the 
reduced pressure on the downstream side of the gate. 

The valve is operated by the overtravel of the relatively 
heavy gate-lifting stem. While the gate is supported by the 
lifting stem, the valve position admits the downstream pressure 
to the seal chamber and the seal retracts approximately °/) in. 
As soon as the gate is seated in the closed position over the inlet, a 
4-in. overtravel of the lifting stem reverses the valve to admit 
reservoir pressure to the seal chamber and the seals are forced 
into contact with the seat. 

Channel-shaped guide shoes at each corner of the gate engage 
tongues on the guides in the face of the dam, Fig. 5. The dis- 
tance, face to face, of the guide tongues is held accurately during 
installation to a clearance of !/, in. in each shoe, except for a 
short distance near the conduit opening. Below an elevation 
slightly greater than one gate height above the top of the conduit 
opening the clearance is reduced practically to zero by making 
longer tongues on the guides. This causes the gate to be squared 
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as accurately as possible with the tracks just before it receives 
the water load when closing under emergency-flow conditions. 
The shoes are spring-loaded with snubbed springs set with an 
initial compression sufficient to prevent deflection during this 
operation. 

After the gate receives water load, it is practically impossible 
to guide the rollers or the gate, because of the extremely high 
unit contact pressure between the rollers and the track. The 
spring-loading of the shoes allows the gate to move laterally as 
much as '/2 in, in either direction, while closing under load, with- 
out excessive binding or probable breaking of the shoes. When 
the load on the gate is removed, the capacity of the springs is 
sufficient to square it again. 


OPERATION OF GATE 


The gate is stored in a covered pit in the top of the dam. Ex- 
cept in case of emergency, it is used only during a few months of 
the year, when conditions are most favorable for inspection and 
servicing of the control valves and conduits. 

The inlets to the conduits through the dam are arranged so 
that fourteen sets of guides serve the eighteen conduits. The 
four conduits of the lower tier, which are 335 ft below the spillway 
bridge, are served by the same set of guides as four of the con- 
duits of the intermediate tier, which are 235 ft below the spillway 
bridge, Fig. 6. The other ten conduits are served by individual 
sets of guides. 

The placing of the gate in the guides on the face of the dam re- 
quires careful handling. The gate must be lowered approxi- 
mately 90 ft below the bridge, and 75 ft below the normal water 
surface before engaging the guides. The upper ends of each set 
of guides are tapered in the plane parallel to the face of the dam 
in such a way that in the event the gate is lowered slightly 
off-center, it is forced to correct itself and allow the channel- 
shaped shoes on the gate to engage the tongues on the vertical 
guides, 

Engagement of the shoes in the direction normal to the face 
of the dam is provided for in the following manner: 

The gate is lowered in a plane slightly upstream from the face 
of the dam until it is below the sloping face of the spillway crest. 
It is then snubbed back into contact with the face of the dam by 
snubbing ropes, Fig. 6, from the downstream edge of the bridge 
structure. Continued lowering will then cause the gate shoes to 
engage the guides and the operation can continue. 

A gate-lifting frame, Fig. 7, with a semiautomatic grappling 
mechanism is used to handle the gate. After the gate is seated 
in front of a conduit, the lifting frame may be released from the 
gate and hoisted to the bridge. This arrangement is necessary 
as the gate is required to remain in place in front of a conduit 
for several weeks at a time and the crane must be free to per- 
form its other functions, 

The position of the gate cannot be observed after it is lowered 
into the water. Consequently, a safety device is provided to in- 
dicate proper engagement of the gate shoes. This device con- 
sists of ropes attached to a tripping mechanism at each lower 
corner of the gate. When the shoes engage the tongues of the 
guides, the rope is released by the tripping mechanism. Two 
men are stationed on the bridge to pay out the telltale ropes as 
the gate is lowered. If both ropes are released after lowering the 
gate a reasonable distance below the top of the guides, it is evi- 
dent that the guides have been engaged properly. 

Lowering is continued until the gate is supported by stops on 
the guides at the inlet of the conduit. The stops are located so 
that the gate comes to rest exactly in the closed position in front 
of the inlet. The lifting frame continues downward approxi- 
mately 4 in. until it comes to rest on the top of the gate. The 
4-in. travel of the lifting stem down into the gate causes the gate 
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OvutT.LeT Coaster GATE AND GaTE-LIFTING FRAME 
WitH SeEMIAUTOMATIC GRAPPLING MECHANISM 


seals to close. The same motion causes the grappling mecha- 
nism in the lifting frame to release and aslack-cable limit switch, 
located on the crane, stops the lowering motion of the hoist. 

If only one conduit is served by a set of guides, a single stop is 
provided in the face of the dam directly below the conduit open- 
ing. Where two conduits are served by the same set of guides, 
that is, where one conduit is located above the other, a single 
stop is provided directly under the lower one. Stops for the 
upper one are located at the sides of the conduit, Fig. 6. Rocker 
arms, or pawls, are provided at each side of the gate and are in- 
terconnected by a linked tension bar. When it is desired to close 
the upper conduit, the bar is extended and the rocker arms are 
pushed outward to a position where they will contact the stops 
at the sides of the upper conduit and act as an equalizer as the 
gate comes to rest. If the lower conduit is to be closed, the bar 
is retracted so that the rocker arms, Fig. 7, will clear the stops 
at the side of the upper conduit, and the gate comes to rest on 
the signal stop below the lower conduit. 

To remove the gate the operations described are reversed, ex- 
cept that the telltale ropes are attached to the tripping mecha- 
nism at each lower corner of the lifting frame. 


GANTRY CRANE 


The crane, an outdoor, traveling, gantry type, Fig. 8, is elec- 
trically operated and is provided with a 125-ton fixed hoist which 
handles the gates, and a 25-ton trolley hoist which handles parts 
of gates during assembly. The latter is also used infrequently 
to install stop logs in front of the power penstocks. The 125-ton 
capacity was determined by the installation and servicing condi- 
tions of the coaster gates for the main power-penstock inlets. 
These inlets are located in the curved portion of the dam, where 
the solid construction will support practically any crane load. 
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Fic. 8 Gantry Crane Use Wits Lirting MEcHANISM AND OuT- 
LET ConpuiT CoasTER GaTE SUSPENDED From 125-Ton Fixep 
Hoist 


As previously mentioned, the bridge structure over the spillway 
portion of the dam in which the river outlets are located made 
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it economically desirable to limit the crane load at this point to 
only a fraction of the hoist capacity in order to avoid a heavy 
and expensive structure which would not be otherwise required. 
The crane can transfer a load from any point on the dam to the 
overhung position upstream from the face of the dam. All gates 
are installed and operated from the overhung position. 

The crane operates on 27-ft-gage tracks. The tracks are 
straight for approximately 375 ft on the bridge structure over 
the spillway section at the center of the dam. The remainder 
of the track has a 2500 ft radius of curvature for a distance of 
1425 ft along the roadway on top of the right abutment. 

The combination of straight and curved track made it im- 
practical to use the conventional drive with one motor driving a 
shaft leading to the trucks on either side. Instead, separate 
motors were mounted on each of four trucks with 50 per cent of 
the track wheels driving. Direct current for operation of the 
four 8-hp shunt-wound motors is provided by a generator set. 
The use of direct current was made necessary by the unequal 
loading of the motors. 

Accurate spotting of the gates is provided by direct-current- 
motor-operated hoists and Maxspeed control. In case the gate 
should encounter some obstruction in the guides, a special type 
of control was provided for the hoist. This control limits the 
maximum lifting effort when the crane is located on the bridge. 
If a conventional hoist with alternating-current motor and stand- 
ard control had been provided, the maximum lifting effort on the 
crane hook under a 275 per cent breakdown torque of the motor 
would have been approximately 350 tons. The modified Max- 
speed control limits the lifting effort at the hook to 175 tons. 
The control is the full-magnetic, reversing, master type. It has 
definite time-limit acceleration relays and six speeds in each di- 
rection of operation. Due to the extremely long lift of 360 ft, a 
mechanical load brake was not considered feasible and direct- 
current dynamic braking was provided. 

A panel of indicating lights in the operator’s cage warns him 
when the gate is approximately 16 ft above the closed position 
in front of any conduit. A lighting system, including floodlights, 
was installed on the crane so that the gates could be operated at 
night. 
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Speed and Feed Selection in Carbide Milling 
With Respect to Production, Cost, - 


and Accuracy 


The present paper reports findings of a research on milling 
cast iron with carbide-tipped cutters in addition to those 
presented previously in 1945 by Michael Field and W. E. 
Bullock.? An important finding of the earlier work was 
the existence of a definite maximum tool-life point, i.e., 
at 290 fpm, in relationship of cutting speed to tool life, 
when milling a cast iron of medium hardness (Bhn 190). 
Subsequently, it was found that a similar maximum tool- 
life point, i.e., 200 fpm, occurs when milling a considera- 
bly harder and less machinable cast iron (Bhn 240). An 
important outcome of the earlier phases of the research 
was the development of a combination of tool angles which 
gave much greater tool life and a considerably higher 
production rate. The original work was done with single- 
point tools, whereas a multitooth cutter was subsequen- 
tly developed, details of which and the results obtained are 
included in the paper. A comprehensive account is given 
of the recent studies, illustrated by numerous test curves, 
and a practical analysis of milling costs. 


N a previous paper’ by Michael Field and W. E. Bullock, 
results were given in part of a research on the milling of cast 
iron with carbide-tipped cutters, which had been conducted 

at the University of Cincinnati. The present paper covers cer- 
tain subsequent findings of this research, together with a further 
elaboration and application of earlier findings. 

One of the important findings reported in the previous paper 
was the existence of a definite maximum tool-life point in the 
relationship of cutting speed to tool life, when milling a cast 
iron of medium hardness (190 Bhn), designated as Meehanite A. 
This relationship is reproduced in the upper curve of Fig. 1. Here 
it will be seen that the average of the tool-life values for 210 fpm 
falls well to the left of the average of the values for 290 fpm. 
At higher cutting speeds all the values of tool life are also to the 
left of the value for 290 fpm and fall approximately on a line 
representing the equation VL°55 = 7806, where V = cutting 
speed (ft per min) and L = tool life (cu in. of metal removed). 

In a subsequent series of tests, it has now been found that a 
similar maximum tool-life point occurs when milling a considera- 
bly harder and much less readily machinable special grade of 
alloy cast iron, designated as Meehanite C-304B. The Brinell 
hardness of this material was 240; its chemical composition is 
given in Table 1, together with that of Meehanite A. 


! Research Director, The Cincinnati Milling Machine Company, 
Cincinnati, Ohio. Fellow A.S.M.E. 
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MOVED TO Dutt Tootn With AxiaL Rake or +3 Dea, Rapiau 
RAKE oF +3 DeG, AND CORNER ANGLE OF 30 Dea 


(Width of cut = 6in.; depth of cut = 0.187 in.; feed per tooth = 0.015 in.; 
carbide, 44A.) 


TABLE 1 CHEMICAL PROPERTIES OF CAST IRONS USED IN 
CUTTING TESTS 
Meehanite A, Meehanite 
per cent C-304B, per cent 
Molybdenum.... . 0 50 
— 


The tool-life values for Meehanite C-304B, expressed in cubic 
inches per tool grind, are shown by the lower curve in Fig. 1. 
The maximum tool-life point here occurs at about 200 fpm in con- 
trast to 290 fpm for the softer Meehanite A. The portion of the 
line to the left of this point is quite definitely curved, again in 
contrast to the straight line of Meehanite A. 

The existence of a rather critical maximum tool-life point 
(which has now been found in a considerable number of tests) 
is a matter of real importance in practical milling. It indicates 
clearly the impossibility of predicting tool-life values in the 
normal speed range by extrapolation from the results of tests 
above 500 fpm. 

Another important outcome of the work’ previously reported, 
was the development of a combination of tool angles which gave a 
much greater tool life (in terms of metal removed per grind), 
and a considerably higher production rate, than could be ob- 
tained with the angles used in conventional practice. The 
initial work was done with single-point tools in which the effec- 
tive angles could be readily changed. In later work a multitooth 
cutter was used. One such cutter is shown in Fig. 2. : 

The basis for this development was established in 1937, in an 
investigation covering the performance of face-milling cutters 
with very large corner angles. In a report of this investigation by 
M. Kronenberg,‘ it was shown that very large corner angles had 
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Fic. 2) Cutter DEVELOPED IN RPSEARCH, CAPABLE OF OPERATING 
AT EXTREMELY HiGH Rates 


(The 12 major teeth have an axial rake of +15 deg, a radial rake of —30 deg, 

a 75 deg corner angle, a true rake of +6 deg, and a face angle of deg. The 

finished surface is produced by a separate tooth which has a face */4 in. long 

and extends axially several a of an inch beyond the roughing 
teeth. 


CUTTER BODY 3O0°CORNER ANGLE 


' DEPTH CUT 


CUTTER BODY +4 75 CORNER ANGLE 


AXIS OF ROTATION 


DEPTH CuT 


WORK PIECE 


Fic. 3. Errecr oF CorNER ANGLE ON FEED PER TOOTH FOR A 
ConsTANT VALUE OF UNDEFORMED CHIp THICKNESS 


the unique property of distributing the work of chip removal over 
a much greater length of cutting edge than conventional corner 
angles of zero to 45 deg, thus permitting the use of a very high 
feed per tooth, and a consequent high rate of metal removal. 

The upper view in Fig. 3 shows in diagrammatic fashion a 
face-milling cutter with a conventional 30 deg corner angle. 
In this figure the workpiece is assumed to be feeding to the left, 
and the small cross-hatched area represents the cross section of 
the metal which will be removed by the next tooth. Thus fora 
given feed per tooth F,, the thickness of the undeformed chip will 
have the value t. 

In the lower view in Fig. 3 the corner angle of the cutter is 
75 deg. For the same value of the undeformed chip thickness t, 
it is evident that in this case the feed per tooth F, must have a 
much larger value. It is also clear that the length of cutting 
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edge engaged with the work is here much greater, even though 
the depth of cut is the same as in the upper view. Thus for a 
given value of ¢, the cross-sectional area of metal removed per 
tooth will be much greater even though the load on each ele- 
ment of length of the cutting edge remains virtually unchanged. 

In the numerical example, illustrated in Fig. 4, it is shown 
that for a constant value of 0.013 in. for the undeformed chip 
thickness, the feed per tooth with the 30 deg corner angle cutter is 
0.015 in., while with the 75 deg corner angle it is 0.050 in. This 
represents a rate of production 333 per cent that of the lower 
corner angle. 


75° CORNER ANGLE 


CHIP THICKNESS 


080 
FEED PER TOOTH 


Fic. 4 Example SHOWING INCREASE OF FEED PER TootuH FRoM 
0.015 In. To 0.050 In. as CorNeR ANGLE [s INCREASED From 30 To 
75 Dec ror a ConsTaNnt UNDEFORMED CHIP THICKNESS OF 0.013 IN. 


In practice it is difficult to utilize such large corner angles and 
high potential feed rates with the present commercially used 
numerically small values of axial and radial rake angle (either 
positive-positive, negative-negative, or positive-negative). Prob- 
lems of chip disposal, high impact loads, smoothness of finish, 
flatness, ete., are all limiting factors. These difficulties have 
been overcome to a high degree of satisfaction with the com- 
bination of angles and arrangement developed in this investiga- 
tion; viz., large negative radial rake (—30 deg to —45 deg); 
large positive axial rake (+15 deg to +20 deg), and large corner 
angle (70 deg to 80 deg). In the 12-tooth cutter, shown in Fig. 2, 
the values used are axial rake, +15 deg; radial rake, —30 deg: 
and corner angle 75 deg, giving a true (or resultant) rake of +6 
deg. This designation may be abbreviated, +15, —30, 75, +6 
05%). 

The very large feed per revolution obtainable with such « 
cutter (1/2) in. to 1 in. or more, depending on number of teeth and 
material cut) presents a difficult problem in surface finish 
This is particularly true with large carbide-tipped cutters owing 
to the difficulty of grinding the ends of all teeth exactly alike 
This problem has been solved in the present instance by providing 
a separate finishing tooth with fine axial adjustment and a face 
sufficiently broad to cover at least the feed per revolution; it |- 
set so as to extend a few thousandths of an inch beyond the 
“highest” of the roughing teeth. This separate finishing tooth is 
shown at the top in Fig. 2. 

With this arrangement, the main teeth are ground so as to cut 
on their angularly disposed etiges only. The adjacent edges 
do not lie in a radial plane but are sharply relieved so as to 
clear the finished surface, the latter being produced entirely by 
the separate finishing tooth. By separating the functions of 
roughing and finishing, it is also possible to use for the finish- 
ing tooth a very hard and abrasion-resistant grade of carbide; 
and if desired, a large positive axial rake angle, as this tooth 
does not have to withstand an impact load. 

A characteristic feature of this cutter is the large positive 
angle of inclination (32 deg in the cutter shown in Fig. 2). 
The angle of inclination is the angle between the cutting edge and 
a plane normal to the path of motion. This large positive angle 
produces a helically curled chip which flows radially out of the 
cutter body, even with very high values of feed per tooth. The 
electronic flash photographs of a single-tooth cutter with this 
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ERNST, FIELD—SPEED AND FEED SELECTION IN CARBIDE MILLING 


Fie. 5 Protos Saowine Unusvat Carp. Formation 1n Cast Iron, Cutter Having Rake or +15 Dea, 
RapiaL Rake or —30 anp CoRNER ANGLE OF 75 Dea 
(In b, the chip is somewhat further developed than in a.) 


angle combination, Figs. 5 (a) and 5 (b), made with an exposure 
time of about 0.000004 sec, clearly show this helical chip formation. 

In early tests with the multitooth cutter, cast-iron test blocks 
were milled at feed rates of over 100 ipm. Such a cut is shown 
by the high-speed flash photograph, Fig. 6. 


SELECTION OF FEED AND SPEED IN PropuctTION MILLING 


(In practical applications of carbide milling, the question 
naturally arises as to what factors actually determine the speeds 
and feeds which can properly be used. The performance il- 
lustrated in Fig. 6, although spectacular, may not be possible, or 
desirable, on a given job. In any milling operation certain qual- 
ity specifications such as flatness, breakout, and surface finish 
must first be satisfied; any of these requirements may limit the 
feed rate to a value appreciably lower than the maximum ca- 
pacity of the machine or cutter. 

In order to study the quality of surface obtainable when 
milling with the cutter shown in Fig. 2, the head and pan sur- 
faces of an automobile cylinder block were milled on a special 
fixed-bed milling machine, Fig. 7. This machine was provided 
with a hydraulic feeding mechanism by means of which the 
table could be operated at feed rates up to 300 ipm. The 
spindle was driven by a separate 40-hp motor. The cylinder Fie. 6 Cast-Iron Buock Berne Mitiep at Feep Rate or 100 
block was held in a fabricated fixture. The cylinder-block head 


-; depth of cut = 95 
surface was 7!/, in. wide X 23'/: in. long, while the pan sur- teeth, +13, —30, 75, +6: culling aguel Se8'ty 98/ fain. diam, 12 
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Fig. 7 Frxep-Bep Macuine Usep For MILLING TESTS ON 
CYLINDER WITH SpEcIAL CUTTER SHOWN IN Fia. 2 
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FEED RATE - INCHES PER MINUTE 


Fig. 8 VARIATION IN FLatNEss VERSUS FEED RATE 
(Milling head surface of cast-iron plinder block with special cutter shown in 
ig. 2. 


face was 11!/, in. wide X 25 in. long. Cuts were made at 280 
fpm, at feed ratesup to 70ipm. The thin wall sections and cored 
openings in the block presented a difficult test for these high feed 
tates. 

Flatness. The variations in flatness obtained in milling the 
head surface of the block at both 0.150-in. and 0.020-in. depths 
are shown in Fig. 8. Taking a roughing cut 0.150 in. deep, the 
departure from surface flatness was 0.0044 in. at a feed rate of 70 
ipm. This may be considered satisfactory, since such a heavy 
cut would always be followed by a finishing cut. At 0.020 in. 
depth, the flatness error never exceeded 0.0015 in. at any feed 
rate up to 70 ipm. 1 

Breakout. In milling cast iron, the breakout on the work at the 
side where the cutter teeth emerge from the cut may possibly 
limit the maximum feed. The relation of breakout to feed rate, 
measured at the cylinder bores while taking a 0.150-in-depth cut, 
is shown in Fig. 9. The cylinder bores had 0.125-in. finishing 
stock, so that the 0.070-in. breakout at 70 ipm left a comfortable 
margin of safety. 

Surface Finish. The surface finish obtained in milling the pan 
surface of the cylinder block is shown in Fig. 10. The surface fin- 
ish improved somewhat as the feed rate was reduced. How- 
ever, even the worst surface finish (230 microinches at 70 ipm, with 
a depth of 0.150 in.) would be satisfactory as a roughing cut. 
Figs. 11 (a) and (b) are reproductions of Faxfilm replicas showing 
the finish obtained at 70 and 26 ipm, respectively. By careful 
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attention to the shape and smoothness of the cutting edge on the 
finishing tooth, a very high quality of surface can be obtained on 
finishing cuts. 

Tool Life. There are, of course, other factors than quality 
specifications that influence the choice of speed and feed. Chief 
among these is tool life. 

Fig. 12 shows the relationship between tool life (measured in 
terms of cubic inches of metal removed per sharpening) for a 
single-tooth cutter having the combination of angles developed 
in this investigation, and used in the multitooth cutter, Fig. 2. 
In this case the work material was Meehanite A. Here again a 
definite maximum tool-life point occurs at about 300 fpm; both 
above and below this speed the tool life rapidly decreases. 
Higher cutting speeds permit higher feed rates, and, conse- 


BREAKOUT AT CYLINDER BORES (MAX) 


Fic. 9 Maximum Breakout at Bores Versus FEED 
RaTE 


(Milling head surface of cast-iron cylinder block with special cutter shown 
in Fig. 2. Depth of cut, 0.150 in.) 


Fie. 10 Surrace Finish Versus Freep Rate 


(Milling pan surface of cast-iron cylinder block with special cutter shown in 
Fig. 2. Depth of cut, 0.150 in.) 


(a) 
Fie. 11 Surrace Finish OBTAINED ON Cast-IRON CYLINDER 
Buiock CuTTerR SHOWN IN Fia. 2 


0.150in. Fig. a: 70ipm feed rate, 230 microinches,rms. Fig. 


(Depth 
b: 26 ipm feed rate, 140 microinches rms; magnification, X20.) 
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ERNST, FIELD—SPEED AND FEED SELECTION IN CARBIDE MILLING 


Fig. 12 @urring Speep Versus VotumME or Re- 
MOVED TO Tootn WitH AxtaL RakKE oF +15 Dea, 
Rake or —30 Dea, anp CORNER ANGLE OF 75 Dea 


quently, higher production, but as is evident from the curve, 
this can be gained only at the expense of cutter life. 


Cost oF MILLING AND RATE OF PRODUCTION 


From the foregoing discussion it is evident that the selection 
of speed and feed in milling must take into consideration a 
number of factors such as tool life, surface quality, production 
rate, breakout of trailing edge of work, etc., any one of which 
may be of paramount importance in a particular case. In the 
final analysis, the best combination must be determined by eco- 
nomic considerations; in other words, by the best balance be- 
tween production rate and cost per piece. Hence it is neces- 
sary first to study in detail all of the elements entering into the 
cost of production. 

In the paper’ previously mentioned, the factors that deter- 
mine milling cost were combined into the following equation 


C= 7 + N, + + + 


Initial 
cost of 
cutter 


T. Tr 


Cutter preparation cost 


Milling cost 


C = total cost to mill one piece, dollars 
Mo = labor + overhead on milling machine, $/min 
Gro = labor + overhead on cutter grinder, $/min 
Bio = labor + overhead on brazing unit 
(assumed = G,o), $/min 

T,, = total time to mill one piece, min 
feeding time + rapid traverse time + loading and 
unloading time 
original set-up time on milling machine, min 
total number of pieces in lot 
time to change and reset cutter, min 
time to resharpen cutter, min 
number of pieces milled per cutter sharpening 
time to rebraze teeth (or reset blades), min 
number pieces milled per brazing (or resetting) 
original cutter cost per workpiece 
carbide (or blade) cost per workpiece 
wheel (diamond or abrasive) cost per sharpening 


| 


From this equation the production rate in pieces milled per 
60-min hr (P) can be derived 


60 
P« 
Seu 
+ Nr + N, 


The cost equation also indicates that the two major factors 
which determine the cost of milling are the actual milling cost 
(or metal-removal cost), and the cutter preparation cost. The 
original cutter cost per piece milled is generally negligible, except 
for short jobs that require special cutters. 

In order to illustrate the application of a eost analysis to 
speed and feed selection in practical cases, specific examples 
will be presented to show the effect of such factors as work mate- 
rial, cutting speed, feed per tooth, number of teeth in the cutter, 
loading and unloading time, number of pieces in the lot, and the 
length of cut. The following assumptions will be common to all 
of the examples: 


Face mill cast-iron block 
6 in. wide, */:5 in. deep, 20 in. long (except 


Operation: 
Cut dimensions: 
where noted) 
Cutter: 10 in. diam, +15 deg axial rake, —30 deg radial 

rake, 75 deg corner angle, +6 deg true rake, 12 teeth (except 
where noted) 
Feed per tooth: 0.050 in. (except where noted) 
Approach to work: 10 in. 
Overtravel of cutter past work: 10 in. 
Number of pieces in lot: 10,000 (except where noted) 
Time to load and unload: 1 min (except where noted) 


Labor cost on milling machine................. $1.00 per hr 
Overhead on milling machine.................. $4.00 per hr 
Labor cost on cutter grinder................... $1.00 per hr 
Overhead on cutter grinder.................... $1.25 per hr 


Then M,o = $.0832 per min 


Gro = $.0374 per min 
Rapid traverse rate = 300 ipm 
T, = 60min 
T, = 10min 


T, = 20 min per tooth 
Ts, = 5 min per tooth 
Ng, =4N, 
Original cutter cost $200 

~ No. of pieces milled with cutter 7 50,000 S 
_ $2.00 X No. teeth 
3 Np 

$0.20 X No. teeth 

N, 


The time to mill one piece 7, will then be 


10+ 1 10 + 1+ 20 


$0.004 


(for diamond grinding wheel) 


T,, 


where 
l = length of cut, in. 
f = feed rate, ipm 
r = rapid traverse rate, ipm 
T,=time to load and unload, min. 
The number of pieces milled before the cutter has to be re- 
sharpened, N,, will be 


No. teeth X L 
Cubic inches removed per piece 


N, 


where 


L = tool life, cu in. removed to dull one tooth, obtained from 
cutting-spéed versus tool-life curves (such as Fig. 12) 
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Fig. 13 Anatysis oF Totat MiLuinc Cost In oF Its 
PRINCIPAL COMPONENTS 
(Dimensions of cut: */1¢ in. deep, 6 in. wide, 20 in. long.) 


CUTTING SPEED FEET PER MINUTE 


Fig. 14 Propuction Rate anp Cost per Piece Versus CuTtTinG 
SPEED 
(Dimensions of cut: */is in. deep, 6 in. wide, 20 in. long.) 

The manner in which the cutting cost components vary with 
cutting speed, in milling Meehanite A, is shown in Fig. 13. 
The cutter preparation cost is a minimum at 290 fpm, because at 
this speed the tool life was a maximum (see Fig. 12). The metal- 
cutting cost drops ydpidly as the speed is increased from 200 to 
400 fpm,.but at higher speeds the milling cost remains practically 
constant because the increase in feed rate is offset by the time lost 
in changing and resetting cutters which results from the de- 
creased tool life. The total cost per piece is the sum of the 
cutter preparation cost and the metal-cutting cost. This total 
cost is likewise seen to be a minimum at 290 fpm. 

But the cost per piece may not be the most important factor. 
Under certain conditions, the production rate may be equally 
important as the cost per piece, and in some cases may be even 
more important. The production rate required on a machine 
may be determined by the capital investment and by the incon- 
venience or delay in obtaining additional equipment. For ex- 
ample, it may be desirable to sacrifice tool life by operating at 
higher cutting speeds in order to obtain a definite production 
rate with a given number of milling machines. 

The production rate, measured in number of pieces milled 
per 60-min hr, and the cost per piece, vary with cutting speed 
as shown in Fig. 14. The production rate for both of the mate- 
rials tested (Meehanite A and Meehanite C-304) rises rapidly 
as the speed is increased from 200 to 400 fpm, but at the higher 
speeds these increases are less pronounced owing to the increase 
in time lost when changing cutters. The total cost per piece for 
Meehanite C-304 is practically constant between 200 and 300 fpm, 
but at the higher speeds the cost rises rapidly. The differences 
in cost and production between the two grades of Mechanite 
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are due to the differences in their machinability characteristics. 
From Fig. 14 the speed which gives the best combination of 
cost and production can be readily determined. In milling 
Meehanite A it is obvious that 300 or 400 fpm would be a more 
economical speed than 200 fpm. 

Quantitative comparisons may also be made. Thus in milling 
Meehanite C-304, the cost at 300 fpm would be 1.07 times as high 
as at 200 fpm, whereas the production rate at 300 fpm would be 
1.11 times as high. Thus at 300 fpm, for a 7 per cent increase 
in cost, one could obtain a production increase of 11 per cent. 
In a like manner, the economy of operation at other cutting 
speeds can be compared. 

In the case just discussed, the feed per tooth was held con- 
stant at 0.050 in. A thorough analysis of cost and production, 
however, must take into consideration a wide range of feeds per 
tooth as well as cutting speeds. 
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In Fig. 18 of the paper by Field and Bullock® (reproduced 
here as Fig. 15), the interrelation of feed per tooth and cutting 
speed, with tool life, is shown for the 75-deg corner angle cutter 
when milling Meehanite C-304. Here the tool life (expressed in 
cubic inches of metal removed per tooth) is plotted against feed 
per tooth at constant cutting speeds. Note that here the maxi- 
mum tool life occurs at 0.050 in. feed per tooth, regardless of the 
cutting speed. In Fig. 16 the cost and production rate have 
been plotted against feed per tooth, at constant cutting speeds, 
using the tool-life data from Fig. 15. Inspection of Fig. 16 
shows that the minimum cost likewise occurs at 0.050 in. feed per 
tooth for all cutting speeds. 

Many interesting facts are revealed by a study of the curves in 
Fig. 16. For instance, it will be noted that for cutting speeds of 
200 to 400 fpm, the cost curves are relatively flat with’ feeds per 
tooth between 0.040 in. and 0.060 in., but rise rapidly with feeds 
per tooth below 0.040 in. For cutting speeds above 400 fpm, 
the cost curves show a sharp minimum at about 0.050 in. feed 
per tooth. In contrast, all the production-rate curves rise rapidly 
with feeds per tooth up to 0.040 in., while above 0.040 in. only 
those for cutting speeds of 400 fpm and under continue to rise 
appreciably. At 500 fpm the production-rate curve is rela- 
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(Dimensions of cut: 


tively flat above 0.040 in. feed per tooth, while at 700 fpm, the 
curve actually peaks at a feed per tooth of 0.050 in. In this 
neighborhood the vertical interval between the production-rate 
curves decreases as the speed is increased, while the interval 
between the cost curves rapidly increases. 

From the curves in Fig. 16 it is therefore apparent that for 
this particular example of cutter and work, the most desirable 
combination, from the standpoint of both cost and production, 
is with a cutting speed of about 300 fpm, and a feed per tooth of 
about 0.050 in. to 0.055 in. If the cutting speed were increased 
from 300 to 400 fpm, the cost per piece would be increased 10 per 
cent, while the production rate would increase only 5 per cent. 
On the other hand, if the cutting speed were reduced from 300 to 
200 fpm, the cost would be decreased only 5 per cent, while the 
production rate would decline 10 per cent. 

With a cutter of 9*/s in. mean diam, (as in Fig. 2), a 300-fpm 
cutting speed would correspond to a rotation of 120 rpm. With 
12 teeth in the cutter and a feed per tooth of 0.055 in., the feed 
rate would then be 120 X 12 X 0.055, or 80 ipm. Under these 
conditions, the total volume of cast iron, Meehanite C-304, which 
could be removed before the cutter would need resharpening 
(using the data from Fig. 15), would be about 4200 cu in. or ap- 
proximately 1200 lb. 

If a cutting speed of 400 fpm were used, the feed rate would be 
107 ipm, but the total volume of metal removed before sharpen- 
ing would be reduced to 2640 cu in. Under these conditions, 
using the data from the curves in Fig. 16, it can be shown that the 
production rate would be increased 5.4 per cent while the cost 
per piece would be increased 22 per cent. 

From the tool-life curve in Fig. 12, it is interesting to note that 
if Meehanite A had been used instead of Meehanite C-304, the 
volume of metal removed before sharpening, at a cutting speed of 
300 fpm, would be 12,000 cu in., or approximately 3100 Ib. 


Orner Factors INFLUENCING PropucTION RATE AND MILLING 
Cost 
There are still other important factors than quality specifica- 
tions and tool life, however, that influence production rate and 
cost of milling. 
Number of Teeth in Culter. In Fig. 17 is shown the effect of 
the number of teeth in the cutter when using an optimum com- 
bination of cutting speed and feed per tooth. Here it will be 
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CUTTER 10" QIA. 415, -30, 75, +6 
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Fic. 17 Pisces per Hour Cost Piece Versus NuMBER OF 
TEETH IN CUTTER 


_(Dimensions of cut: 4/16 in. deep, 6 in. wide, 20 in. long.) 


seen that there is a rapid drop in cost and a rapid rise in produc- 
tion rate as the number of teeth is increased from 1 to 4 in this 
10-in-diam cutter. As the number of teeth is further increased, 
both the cost and the production curves flatten out because the 
feeding time eventually becomes small in comparison with other 
fixed portions of the cycle time, such as the rapid Satis, 
time, and the loading and unloading time. 

Loading Time. The effect of loading and unloading time on 
cost and production is shown in Fig. 18, for two conditions: (a) 
280 fpm cutting speed and 65 ipm feed rate; and (6) 500 fpm 
cutting speed, and 105 ipm feed. From this chart it will be 
seen that the cost at 500 fpm is a constant amount higher than 
at 280 fpm, regardless of the loading time. Furthermore, the 
cost per piece is a linear function of the loading time. The 
production-rate curves are flat at a high loading time because 
the feeding time here is short compared to the time to load and 
unload. However, when the loading time is decreased below one 
min, the production rates increase sharply. It will also be noted 
that no appreciable increase in production will be obtained by 
selecting the high speed and feed, unless the loading time is 
decreased. For example, at 0.1 min loading time, 102 pieces per 
hr could be milled at 500 fpm, compared to 80 pieces per hr at 
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Fig. 18 Pisces per Hour anv Cost Piece TIME TO 
LoaD AND UNLOAD 
(Dimensions of cut: 3/i¢ in. deep, 6 in. wide, 20 in. long.) 


280 fpm. This is an increase of about 27 per cent. In con- 
trast, for a 2-min loading time, 22.5 pieces per hr could be milled 
with the high speed and feed, compared to 21 pieces per hr with 
the low speed and feed; an increase of only 7 per cent. 

Number of Pieces in Lot. The effect of the number of pieces 
in the lot being milled is shown in Fig. 19. If the number of 
pieces in the lot is small, the original setup time may seriously 
decrease the production rate and may add appreciably to the 
cost of milling. In the example chosen, it is seen that the cost 
and production curves change rapidly if there are fewer than 200 
pieces in the lot. However, for larger lots the changes in the 
curves are very small. It is furthermore interesting to note the 
small difference between 800- and 10,000-piece lots. There is a 
constant difference in cost per piece between the 500- and 280- 
fpm curve. The difference in production rates between the 
two cutting speeds is small for very small lots. However, this 
difference increases and eventually becomes practically constant 
above a 300-piece lot. 

Length of Cut. The effect of the length of cut on cost and 
production is shown in Fig. 20. The cost was about the same 
for both cutting speeds for a 5-in. length of cut. As the length of 
cut increased, the cost per piece to mill at the higher cutting 
speed increased over that of the lower cutting speed. How- 
ever, the production rate at 500 fpm was substantially. higher 
than at 280 fpm for lengths of cuts of 5 to 30 in. P 


MILLING OF STEEL 


Turning now to the milling of steel, we may “ite as an ex- 
ample an analysis made of an actual production 1: ‘ing job per- 
formed in the authors’ plant. The workpiece was. el forg- 
ing (S.A.E. 4340, 415 Bhn) used as a “drag link” on the landing 
gear of the B-29 Superfortress. Two major milling operations 
were performed on this forging, namely, milling the inside and 
outside surfaces of the yoke on each end. The inside of the 
yoke was milled, with the setup shown in Fig. 21, on a Cincin- 
nati horizontal Hydrotel using two staggered-tooth slotting cut- 
ters, 14 in. diam, having 8 teeth, tipped with a steel-cutting grade 
of carbide. The teeth were ground with an axial rake of —20 
deg, a radial rake of —20 deg, and '!/,in. radius. Each cutter took 
a cut 5/,.in. deep and 3*/, in. wide. The work was fed into the 
cutter at a rate sufficient to provide a feed per tooth of 0.008 in. 
The return feed was made at the same rate so as to reduce the 
dimensional error due to springing of the workpiece, and to 
avoid marring the work, as a finish under 50 microinches (rms) 
had to be obtained. 

Three cutting speeds were chosen, 235, 290, and 370 fpm, re- 
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Fic. 21 Serup ror INsipE oF YOKE ON ALLOY STEE! 
FORGING 


(‘Drag link’’ for B-29 Superfortress.) 


spectively. From Fig. 22 it is seen that minimum cost and 
maximum production were obtained at 290 fpm. Designating 
the cost and production rates at this optimum speed 100 per 
cent, it is seen from the curves that, at a cutting speed of 235 
fpm, the cost increased to 104 per cent while ‘the production 
dropped to 94 per cent, whereas at, 370 fpm, the production re- 
mained at 100 per cent while the cost rose to 107 per cent. Ob- 
viously, a cutting speed in the neighborhood of 300 fpm was the 
best for this particular operation. 
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The second major operation analyzed was the straddle-milling 
operation on the outsides of the yoke. This operation was per- 
formed on a Cincinnati 4-48 duplex Hydromatie miller, with the 
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Fig. 22. Propuction Rate anp Cost Piece Versus CUTTING 
SeeeD FoR MILLING INSIDE OF YOKE ON DraaG LINK 


Cutters: 14 in. diam, 8 teeth, 


—20 deg axial rake, —-20 deg radial rake, 
in. radius. Material: 


Depth of cut, in.; 
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Fig. 23. Setup ror Minuinc Oursipe oF on Draco Link 


MILLING YOKE ON ORAG LINK 
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300 
CUTTING SPEED - FIET PER MINUTE 


Fic. 24 Propuction Rate anp Cost Per Piece Versus CutTtine 
SrEED FoR MILLING OuTSIDE OF YOKE ON DraG LINK 


(Cutters: 6 in. diam., 6 teeth, —20 deg axial and radial rake, 30 deg. cor- 
nerangle. Material: S.A.E. 4340,415 Bhn. Depth of cut, §/ie-in.; width 
of cut, 38/4 in.) 


215 


setup shown in Fig. 23, using a pair of right- and left-hand, 6-in- 
diam 6-tooth shell-end mills. The cutters had an axial rake of 
—20 deg, a radial rake of —20 deg, and a corner angle of 30 deg. 
These cutters also took a cut 5/j. in. deep and 3*/, in. wide. 
Again, in order to obtain the specified surface finish and ac- 
curacy, the cutters were fed fully across each yoke surface. As 
shown in Fig. 24, the minimum cost per piece and maximum 
production rate occurred at 285 fpm. Designating this condi- 
tion as 100 per cent, it is seen that at 210 fpm the cost remained 
at 100 per cent, while the production dropped to 88 percent. At 
380 fpm, however, the cost jumped to 181 per cent while the 
production rate dropped to 88 per cent. It is therefore evident 
that a cutting speed of about 300 fpm was the optimum for this 
operation. 


CONCLUSIONS 


The following conclusions can be drawn from the results of the 
work done thus far: 


1 It is not possible to extrapolate tool-life curves into the 
low-speed range from the results of tests made at cutting speeds 
over 500 fpm, for the following reasons: 

(a) From the results of tests made thus far it appears that 
the cutting-speed versus tool-life curve may often contain a 
maximum tool-life point toward the lower end of the speed range. 
This point seems to exist at a lower value for the harder grades of 
cast iron. 

(b) In certain cases the curve of cutting speed versus tool 
life is not a straight line in the lower speed range when drawn on 
log-log paper. 

2 Practical tests of multitooth cutters with the combjnation 
of very large corner angle (70 to 80 deg), large negative radial 
rake (—30 to —45 deg), and large positive axial rake (+15 to 
+20 deg), have shown that this combination has unusually long 
life in terms of volume of metal removed before grinding. It also 
permits the use of very high feed rates and consequent high 
production without clogging of chips, and yet meets normal qual- 
ity specifications of flatness, surface finish, and breakout. 

3 Curves showing the relationship between cutting speed, 
feed, and tool life are essential for an intelligent selection of 
speed and feed. However, selection of speed and feed for prac- 
tical milling operations cannot be made directly from these 
tool-life curves, but must take into consideration also the effect 
of tool life on both cost and production. Proper balance be- 
tween these two factors can be made only on the basis of a com- 
plete cost analysis. 

4 Selection of speed and feed must also be made on the basis 
of meeting quality specifications, such as flatness, surface finish, 
and breakout. 

5 Cost and rate of production are also affected by number 
of teeth in the cutter, loading time, length of cut, and number of 
pieces in the lot. A complete analysis of a milling operation 
should take into consideration the relationship between these 
factors and cutting speed and feed. 
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Analysis of Initial Contact of Milling Cutter 
and Work in Relation to Tool Life 


By M. KRONENBERG,' CINCINNATI, OHIO 


Sintered-carbide tools, made of the hardest metal man 
has ever produced, have played a predominant role in 
speeding up war production. While appreciable experi- 
ence has been acquired in connection with the turning of 
artillery shells and other implements of war, the applica- 
tion of sintered-carbide tools is often more difficult in 
milling than in turning operations because face-milling 
cutters, end mills, straddle mills, side mills, etc. are sub- 
jected to several hundred impacts per minute, which may 
destroy the tools prematurely due to their brittleness. 
Control of impact is therefore vital, a problem not en- 
countered with high-speed steel tools. ' 

It is the purpose of this paper to present methods for 
determining readily the impact conditions for any shape 
of the cutting edge as a function of positive and negative 
rake angles, corner angle, cutter diameter, position of the 
cutter relative to the workpiece, feed per tooth, and depth 
of cut. Furthermore, tests are discussed indicating a 
variation in the wear of sintered-carbide tools with a varia- 
tion of impact conditions obtained by altering the relative 
position of cutter and work. 


INTRODUCTION 


‘ ‘ J HILE carbide-tipped tools with negative rake angles 

have been successfully employed for a number of 

years in intermittent turning operations, this tech- 

nique is a relatively recent development in the case of milling 

operations. The reason for this may well lie in the more com- 

plex nature of initial contact of milling cutter and work compared 
with that of a turning tool and work. 

In the simple case of machining a slotted flange in a plunge- 
cut operation, the location of the initial contact can be easily 
controlled. As shown in Fig. 1, a negative back rake is the only 
requirement for shifting the initial contact from the sharp point 
“S” of the tool to a point farther back, where the tool is stronger. 

Turning a shaft with a keyway, using a longitudinal feed, 
is a more difficult case in that three tool angles affect the loca- 
tion of the initial contact when the tool is “on center,” namely, 
back rake, side rake, and side-cutting-edge angle. 

In the case of milling operations, a fourth quantity, which 
is not a property of the tool itself, must be taken into considera- 
tion; it depends on the position of the milling cutter relative 
to the work. This fourth quantity, later referred to as the 
“angle of engagement,”’ plays a significant part in the location and 
magnitude of impact. 

Three questions present themselves for the analysis of the im- 
pact problem. They can conveniently be used for subdividing 
the subject of this paper as follows: 


' The Cincinnati Milling Machine Company. 

Contributed by the Research Committee on Metal Cutting Data 
and Bibliography, and on Cutting Fluids, and the Production Engi- 
neering Division and presented at the Fall Meeting of the Cincinnati 
Section, Cincinnati, Ohio, Oct. 2-3, 1945, of Tae American Society 
OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


POSITIVE BACK RAKE 


NEGATIVE BACK RAKE 


Fig. 1 Inrrtat Contact Propucep sy Positive aNp NEGATIVE 


Back Rake, WHEN TURNING a SLOTTED FLANGE 


1 Where does the impact of tooth and work occur? 
what point on the tool face hits the work first? 
impact.) 

2 How great is the impact? (Magnitude of impact.) 

3 How is tool wear affected by location and magnitude of 
impact? 


That is, 
(Location of 


1—LOCATION OF IMPACT 
DEMONSTRATING LOCATION OF CONTACT 


A face-milling cutter is shown in Fig. 2 at an instant shortly 
before the tooth engages the side wall of the work, termed “plane 
of engagement.”’ This plane is always assumed parallel to the 
cutter axis and extending in the direction of feed motion. It is 
evident from the close-up in the upper corner of Fig. 2 that the 
material removed by a tooth with a straight cutting edge is indi- 
cated by a parallelogram S-T-U-V. Its height depends on the 
depth of cut, while the width is determined by the feed per tooth 
represented by a dotted line on the top of the work. This paral- 
lelogram S-T-U-V develops gradually as the tooth enters the 
work, and the question arises, what spot on the contour of the 
parallelogram is generated first. This spot will obviously be 
the point of initial contact. 

It will be seen from Fig. 2 that the tooth, before contacting 
the work, passes through the removed portion of the plane of 
engagement. This happens when the cutter axis is on the 
“‘workside”’ of the plane of engagement, as shown in Fig. 2. 

In the analysis of initial contact, it is necessary to consider 
only the region of cutter and work indicated in the close-up, 
Fig. 2. This same region is represented in Fig. 3 as a large-scale 
model, seen in the direction of the arrow of cutter rotation, Fig. 2. 

In Fig. 3 the “tool face” is a glass plate shaped to the contour 
of a tooth, intersecting the “plane of engagement” in line L-M. 
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Fic. 2 


The axial rake and the radial rake are both negative and the 
cutting edge is a straight line in this model. 

The direction of cutter rotation is indicated by an arrow point- 
ing into the workpiece. 

The “cutter axis’ is connected with the tool face by a top 
piece symbolizing the face of the cutter body. The cutter axis is 
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D1taGRAMMATIC VIEW OF CUTTER AND Work, ILLUSTRATING AN INSTANT SHORTLY Berore INITIAL Contact 


Fie. 3 or Cutrer aNp WorK ILLUSTRATING INTERSECTION LINE oF Face AND PLANE OF ENGAGEMENT 


actually more distant from the tool face than shown in the model. 
On the workpiece, dimension d,, is the depth of cut, while di- 
mension f, represents the feed per tooth. 
The chip cross-sectional area is indicated by a white parallelo- 
gram on the workpiece. The corresponding points on the tool 
face are marked S, 7, U, and V, in clockwise order. 
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The distance traveled by the tooth from the instant shown, 
to the instant of contact, is very short and it may therefore be 
assumed that the tool moves in a straight line during this very 
short interval of time, instead of traveling in a circular path. 
In other words, the tool face is assumed to advance parallel to 
itself in the direction of the white dotted lines which connect 
the points, S, 7, U, V, on the tool face with the white parallelo- 
gram. The white lines are continued on the top of the work be- 
cause the cutter movement is also considered straight for a short 
distance within the workpiece. 


Point S is the sharp point of the tool and its weakest spot. 
Initial contact there is undesirable. 

Point T is the top point of the active cutting edge and is lo- 
cated at a height above the machined surface equal to the depth 
of cut (d,,). 

Point U indicates a point on the tool face, at the same height 
as point 7’, but remote from the cutting edge by approximately 
the feed per tooth. 

Point V is a point on the face edge, located at a distance from 
point S approximately equal to the feed per tooth. 


It is evident from Fig. 3 that in the case of this model, point U 
on the tool face will contact the work first, because this point is 
nearest to the white parallelogram. This can be judged by 
comparing the length of the four dotted white lines connecting 
points, S, T, U, and V with the work. Point U has the shortest 
distance. This type of contact is called ‘“‘U-contact.” 

If the tool face would be inclined at a positive axial rake, point 
V would have the shortest distance on the model and contact 
first (V contact). 

It shall now be assumed that the tool face in Fig. 3 is advancing 
parallel to itself, in the direction of the white dotted lines to- 
ward the workpiece. Point U on the tool face will then travel 
toward the upper right corner of the white parallelogram; simul- 
taneously point LZ of the intersection line will likewise move 
toward the upper right corner on the workpiece. At the instant 
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when point U contacts the white parallelogram at its upper right 
corner, point L of the intersection line must have arrived at that 
same point also. 

If the tool face would be inclined at a positive axial rake and 
the angle i’ would be to the right of the vertical line in the plane 
of engagement, it would be points V and M which would arrive 
at the same instant but at the lower right corner of the white 
parallelogram. 

Consequently, the spot on the tool face which contacts the work 
first is indicated by the point of the intersection line LM, which 
first contacts the white parallelogram. 

This is an important finding, because it furnishes not only the 
basis for the derivation of mathematical formulas for contact con- 
ditions in the case of straight cutting edges but also principles for a 
graphical solution of ‘the more involved problems connected with 
nonstraight cutting edges and with the magnitude of impact. 


MATHEMATICAL CONDITIONS FOR LOCATION OF INITIAL CONTACT 


Mathematical formulas are required for preparing diagrams 
and for other graphical methods which can directly be employed 
by production and tool engineers in their daily work. 

The following nomenclature will be used in connection with the 
derivation of formulas: 


a = axial rake 
A’ = distance of cutter axis from plane of engagement (see 
Fig. 4) 
c = corner angle of tool 
c’ = slope of transient surface produced by corner angle 
(tan c’ = tan c/cos e) 
c, = chamfer angle of tool 
d,, = depth of cut 
D = cutter diameter 
« = angle of engagement 
f, = feed per tooth 
? = index angle 


i’ = intersection angle of tool 


WHEN 


DIRECTION OF MOVEMENT OF INTERSECTION LINE 
WHEN 


face and plane of engage- 
ment (tan 7’ = fanz/cos 
€) 


= impact factor (rate of 


increase of chip cross- 
sectional area) sq _ in. 
per sec 

Ly, = distance traveled by in- 
dex line in direction of 
depth of cut during pene- 
tration time 

L, = distance traveled by in- 
dex line in the direction 
of feed during penetra- 
tion time 

r = radial rake 

T,, = penetration time, i.e., 
time elapsing between 
instant of initial contact 
and instant when both 
cutting edge and face 
edge of tool have en- 
gaged the work 

T, = exit time, i.e., time elaps- 
ingbetween instantwhen 


work and instant when 


first point of tool leaves 


Fic. 4 Drrection or MOVEMENT OF INTERSECTION LINE 


both cutting edge and 
face edge are disengaged 
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Referring to Fig. 3, two important angles, c’ and i’, will be seen 
in the plane of engagement. 

Angle c’ is the slope of the “‘transient surface’? measured in 
the plane of engagement. This angle has been produced by the 
preceding tooth and depends therefore on the shape of the 
cutting edge and on the angle of engagement, as will become 
evident later. 

Angle 7’ is an angle formed by line LM (which is the inter- 
section line of tool face and plane of engagement) and a line 
parallel to the cutter axis. Angle i’ is called “intersection 
angle.” 

The model, Fig. 3, refers only to the case where the inter- 
section line is outwardly inclined with respect to the cutter axis 
and where the cutter axis is on the workside of the plane of 
engagement. 

For a more general consideration, reference is made to Fig. 4. 
It will be seen from the lower sketches that the intersection angle 
t' can be positive or negative with respect to the vertical line 
parallel to the cutter axis, that is, it can be outwardly or in- 
wardly inclined. Furthermore, the radial rake, formed by the 
face edge and a radial line, is shown in Fig. 4, marked r. In 
addition, the angle formed by the plane of engagement and the ra- 
dial line is indicated; it is the angle of engagement (¢). 

For determination of the direction of movement of the inter- 
section line, it is sufficient to consider only its lower point M 
which is also a point of the face edge of the tool. In the case 
of the left-hand sketch in Fig. 4, point M moves toward the left 
as the cutter continues to rotate. Hence the intersection line 
will always move ‘‘away”’ from the cutter axis, due to cutter rota- 
tion, when r < «. Consequently, in cases where r < e, initial 
contact can occur only at the right-hand contour of the chip 
cross-sectional area, that is, in the case of a straight cutting 
edge, either at point U, or along line U-V or at point V, depend- 
ing on the relationship of the two angles c’ and i’. 
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Changing the setup (right-hand sketch in Fig. 4), by moving 
the workpiece into a different position with respect to the cutter 
axis, will change the relationship between the angles r and e. 

Point M of the intersection line is now located on the other 
side and will move “toward” the cutter axis, as the cutter con- 
tinues to rotate. Consequently, in cases where r > ¢, initial con- 
tact can occur only at the left-hand contour of the chip cross- 
sectional area, that is, in the case of a straight cutting edge, 
either at point S, or 7’, or along line ST. 

The following mathematical relationships for initial contact 
of straight cutting edges can therefore be derived from inspec- 
tion of Fig. 4 


S = contact occurs when r > € andi’ >c’........ {la} 
S-T (line) = contact occurs when r > e andi’ =c’........ {1b} 
T = contact occurs when r >e andi’ <c’........ {1c} 
U = contact occurs when r < e andi’ >c’... [1d] 
U-V (line) = contact occurs when r < e andi’ =c’........ {le} 
V = contact occurs when r < e and i’ < c’........ {lf} 


There are three more types of initial contact possible in the 
case of straight cutting edges, namely, when r = ¢€. In these 
special cases, the intersection line and therefore point M is at 
infinity because the face edge enters the work parallel to the 
plane of engagement. The mathematical conditions for these 
cases will be discussed later. 

In order to express the contact conditions as functions of axial 
rake, radial rake, angle of engagement, it is now necessary to 
find the relationship between these three angles and the inter- 
section angle 7’. 

Referring to Fig. 5: Dropping a perpendicular line from point 
L of the intersection line L-M, produces a vertical triangle L-N-M 
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TABLE 1 MATHEMATICAL CONDITIONS FOR THE NINE TYPES 
OF INITIAL CONTACT FOR STRAIGHT CUTTING EDGES 
ima Relat hip: Relat hip Relationship 
TYPE OF radia! rake(r)| corner angiekcorner angle @)axtal rake (a) 
CONTACT land wndex \radal rake (rj) and 
gagement (€) | angle angle of engagement (€) 
S| c<i tome< ane 
tana 
fana 
3 
‘| V : canr-tane 
tana 
ST] | | tones 
| 7 VS | ree =90° a-? 
| 8 | UT a-- 


in the plane of engagement. 
angle 7’. 


This triangle L-N-.\/ contains 
The base line equals 


d,, * tan 


The axial rake is measured, according to definition, in a plane 
located in the direction of cutter rotation, that is, in a plane per- 
pendicular to the radial line. Such a plane is represented in 
Fig. 5 by the white vertical triangle L-N-P, containing the axial 
rake (a) which is shown negative. The base line N-P equals 


d,, * (—tan a) 


The two base lines N-M and N-P, together with portion P-M 
of the face edge, form the horizontal, white triangle P-N-M, 
with the angles 


(90 + r) 


and 


(e — r) 


Applying the sine law to the horizontal triangle results in the 
formula 


tan a: cosr 


tani’ = — ’ 
sin (r — e) 
Equation [2], however, is inconvenient for use in a diagram, be- 
cause the radial rake r appears twice. 
A simplification can be obtained by multiplying both sides 
by cos «. This transformation gives 


tani = 
tan r — tan e¢ | 


It. will be noticed that Equation [3] refers to an angle 7 instead 
of angle i’. This is due to_the multiplication of Equation [2} 


by cos «. Equation [3] represents therefore a different angle, 
called ‘‘index angle’’ (7). 

The relationship between the intersection angle (i’) and the 
index angle (7) follows from 


[4] 


Index angle 7 is a projection of intersection angle 7’, on a verti- 
cal plane which can be erected in the radial line. This plane, 
called reference plane, forms the angle e with the plane of en- 
gagement, but isnot shown in the model. 

In order to maintain the mathematical relationship between 
slope angle c’ and intersection angle 7’ when determining the 
location of initial contact (see formulas [la] to [lf], inclusive), 
it is necessary to multiply the slope angle c’ also by cos ¢ as was 
done with angle 7’. The slope angle c’ is thus substituted by the 
corner angle c (or bevel angle) as ground to the tool itself, which 
is measured in the reference plane. The corner angle c is mathe- 
matically a projection of the slope angle c’ on the reference plane. 
The relationship between slope angle c’ and corner angle cis given 
by 


The multiplication of Equation [2] by cos « does not only sim- 
plify the formula, but allows using the corner angle c of the tool 
instead of the slope angle c’ on the work. 

The following general equation is obtained for initial contact in 
the case of straight cutting edges by substituting Equations [3] 
and |5} into formulas to 


< tan r —tane 


The individual formulas for the nine possible contacts in case of 
straight cutting edges are summarized in Table 1. The last three 
cases, where r = e¢, follow if Equatien [6] is solved for tan a 


tana tan c (tan r — tane)............ [6a] 


The right side becomes zero if r = e, indicating that these three 
contact conditions are determined by the fact as to whether the 
axial rake ‘‘a”’ is positive, zero, or negative. 


DIAGRAM 


For practical use in engineering offices a “‘cutter-engagement 
diagram,” Fig. 6, has been prepared, based on the foregoing 
mathematical analysis. It refers primarily to cases where the 
cutting edge is a straight line and where only a determination 
of the location of initial contact is desired. 

A more general method is described later on in this paper which 
includes the determination of the progress of engagement and of 
the magnitude of impact, in addition to the location of impact. 

Four fields will be seen in Fig. 6, marked in counterclockwise 
order; S-contact, 7-contact, U-contact, and V-contact. Three 
smaller rectangles flanked by these four fields refer to three 
types of line contacts as indicated on the diagram. The two 
remaining types of contact, S-7 line-contact and U-V line-contact 
are determined by the border lines between the S-field and T- 
field, and the U-field and V-field, respectively. 

The type of contact can easily be determined by tracing along 
horizontal and vertical straight lines. This is indicated by a 
dot and dash line marked ‘“‘example.”’ 

The example refers to a case where, at a distance of 2 in., a 
cutter with a diameter of 12 in. is located on the workside, which 
is the usual condition with face mills, end mills, ete. The radial 
rake and the axial rake are assumed 10 deg negative. Following 
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the dot-and-dash line leads to the U-field. Hence U-contact will 
ensue from this combination of rake angles, corner angle, cutter 
distance A’, and cutter diameter. 

The angle of engagement can be read at the top of the cutter- 
engagement diagram (« = 20 deg); it is however, not necessary 
to read this angle when using the diagram. 


GRAPHICAL SOLUTION OF CONTACT PROBLEMS FOR ANY SHAPE OF 
Curtrine EpGE 


Complex formulas for the contact conditions result if the cut- 
ting edge is chamfered or rounded. However, a graphical method 
which gives, also, a mental picture of the engagement of cutter 
and work has been developed for solving such cases on the draw- 
ing board. The graphical method covers a broad field in that it 
includes the progress of engagement and disengagement, and 
also the magnitude of impact in addition to solving problems of 
initial contact for any shape of the cutting edge. Exit conditions 
existing when the cutter leaves the work can likewise be solved 
with the graphical method. 

‘It has already been stated, in connection with Fig. 3, that the 
spot on the tool which contacts the work first is indicated by the 
point where the intersection line first contacts the white paral- 
lelogram. 

Thus in order to determine graphically the location of initial 
contact, it is only necessary to draw the chip cross-sectional area 
(white parallelogram) to scale and to move a line at angle 7’ 
toward it. Where this line touches the chip cross-sectional area 
first, initial contact occurs, 

It is, however, more convenient to move a line at angle 7 
(index line) instead of the intersection line at angle 7’, because 
the corner angle ¢ can then be used when drawing the chip cross- 
sectional area instead of the slope angle c’. 

Furthermore, referring to Equation [3], it will be seen that the 
index angle 7 is independent of the corner angle c and therefore 
independent of the contour of the cutting edge. 

Hence initial contact can be determined graphically by moving a 
straight line at index angle i toward a chip cross-sectional area of 
any shape, not only a parallelogram. 

The index angle i, which is the compound angle of axial rake, 
radial rake, and angle of engagement, can either be calculated 
from Equation [3] or be determined without use of mathematics 
by means of the “index-angle diagram,’’ Fig. 7. The left-hand 
portion of this diagram is identical with the left-hand portion of 
the ‘‘cutter-engagement diagram,” Fig. 6, while the right-hand 
part of Fig. 7 is different, having curves for the axial rake, in- 
stead of the contact fields. The example in Fig. 7 corresponds 
to that on the cutter-engagement diagram. Tracing along the 
dash-dotted example line, however, leads, in Fig. 7, to an index 
angle of +18 deg and to the instruction that the index line must 
be placed at A, meaning that it moves away from the cutter axis 
(because r < «). Compare arrow “A” in Fig. 4. 

The graphical solution (see Fig. 8) includes the following: 


1 Construct a figure proportional to the initial chip cross 
section, indicated by the cross-hatched area, where d,, is propor- 
tional to the depth of cut, distances TU, SV, S,V, proportional 
to the feed per tooth - cos « and where ¢ = corner angle, c, = 
chamfer angle. 

2 Draw index line at index angle i at A (or B) of cross-hatched 
area, as determined from diagram. [A is indicated if r < «, 
and B if r > «.] 

3 Move index line toward cross-hatched area. (If r = «€ the 
index line is moved vertically; upward when the axial rake is 
positive, or downward when the axial rake is negative. No index 


line exists for face contact, i.e., when r = ¢ and the axial rake is 
zero.) 
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Fic.8 GRapHIcat METHOD FOR DETERMINING INITIAL CONTACT OF 
CuTTER AND WorK, AND ALSO THE PROGRESS OF THEIR ENGAGEMENT 
FoR ANY SHAPE OF THE CUTTING EDGE 


4 Initial contact of cutter and work is indicated by the point or 
line where the moving index line touches the contour of the cross- 
hatched area first. 

In the given example when moving an index line z-z at +18 
deg the initial contact occurs at point V,. 

5 Progress of engagement: The graphical method, however, 
permits not only determination of initial contact, but also the 
progress of engagement. Continuing the movement of the index 
line, z-z it, will be seen that 


2nd point to engage is S, 
3rd point to engage is U 
4th point to engage is T 
5th point to engage is S, 


A closer inspection, by slowly moving the index line across 
the crossehatched area, reveals even more details about the prog- 
ress of engagement, for example, the fact that the engagement 
of point U follows very closely the engagement of point S,. 
It will also be seen that a chip develops at first by deforming a 
triangle with the base V,S,, while later on a second chip develops 
from point U. Both chips unite at the instant when the vertex 
of the obtuse angle (i.e., the point opposite S,) engages. 

If the cutting edge is straight, the chip cross-sectional area is 
represented by parallelogram S-T-U-V in Fig. 8. Initial con- 
tact occurs in the case of i = +18 deg at point U instead of at 
V, as was the case in the foregoing example for a chamfered cut- 
ting edge. 

In the case of this example, chamfering of the cutting edge 
changes the initial contact from U to V,. Chamfering, how- 
ever, does not always have this effect. If the conditions for 
radial rake, axial rake, and angle of engagement are such as to 
give a negative angle 7, initial contact of a tool having a straight 
cutting edge would occur at V, not at U, and the change due to 
chamfering would then be only a shifting of the initial contact 
from V to V,. 

Exit conditions when the cutter leaves the work can likewise 
be determined by the graphical method. Only’ one modifica- 
tion is necessary. Instead of using the distance of the cutter 
axis from the plane of engagement, the distance of the cutter axis 
from the exit plane must be used, when determining the index 
angle 7 in diagram Fig. 7. The terms “cutter axis on approach 
side’ and ‘‘cutter axis on workside’’ are then to be used with 
reference to the exit plane. 


2 MAGNITUDE OF IMPACT 


The second problem, namely, the question, ‘“How great is the 
impact?” is important because it may well be that the magnitude 
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of impact is a vital factor in cutter life. The magnitude of im- 
pact can be determined by further expanding the graphical 
method, used previously for determining the location and prog- 
ress of engagement. 

From the graphical method, Fig. 8, it will be realized that a 
chip does not exist at the instant of contact; that is, at the in- 
stant when the index line touches the contour of the cross- 
hatched area. However, as the index line travels across the 
cross-hatched area, the chip develops gradually, reaching its 
full size when the index line has moved all the way across the 
cross-hatched area. At that instant, all points of the tool 
face that take part in the metal removal have engaged the work. 

For instance, in the example where i = +18 deg, no chip exists 
when the index line touches point V,, but the full chip has been 
generated when the index line has arrived at point S, of the cross- 
hatched area. 

Conclusion: During the period of time in which the index line 
travels across the chip cross-sectional area, the chip has developed 
from zero to full size. This time interval is called ‘penetration 
time.” 

The shorter the penetration time, i.e., the faster the chip de- 
velops, the larger the impact. 

The rate of increase of chip cross-sectional area can therefore 
be used as an “impact factor.”’ 


Chip cross-sectional area 


Impact factor = 
Penetration time 


In order to find the impact factor, it is necessary to determine 
only the penetration time and to divide it into the chip cross- 
sectional area. The impact factor has the dimension of square 
inch per sec. 

Since ‘‘time”’ is the ratio of ‘distance traveled” to ‘“‘velocity,”’ 
it is possible to determine the penetration time 7, by dividing 
the distance Z,, which the index line has traveled across the 
cross-hatched area, by the velocity of this travel ry. 
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As shown in Fig. 8, distance 1, can be measured directly from 
the graph between the contact position and end position of the 
index line when the graph is drawn to scale. 

It remains to find the velocity of travel of the index line. 

The velocity of travel r, can be determined from the model 
shown in Fig. 9. In the horizontal triangle N-P-M, dimension 
P-N lies in the direction of cutter rotation and can therefore be 
taken as the “cutting speed vector.’’ Dimension M-N lies in 
the direction of travel of the intersection line L-M, and repre- 
sents therefore the ‘velocity vector’ of the intersection line. 

From the geometry of the horizontal triangle N-P-M 


The same conversion as before is necessary in order to find the 
velocity of the index line instead of the intersection line. The 
result is 


y= 
tanr 


tan 

It will be seen that the travel velocity v, of the index line is a 
function of the cutting speed v,, the radial rake, and the angle of 
engagement. 

The minus sign in Equations [8] and [9] indicates the direc- 
tion of travel, i.e., x is counted positive when the index line 
moves away from the cutter axis. 

The penetration time in seconds is therefore 


| 5 L, (tan r — tan e) 


sec (10) 


| ty Ue 


where the factor 5 is due to conversion from feet per minute to 
inches per second, 
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When dimension J, is very 
large, it is more convenient to to) 02 04 06 
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FORMULA WHEN USING DIMENSION 


SCALE (INCH) L, L, 
use dimension Fig. 10, and | 
the velocity (vg) of the apparent 
travel in this direction. “7 Ree PENETRATION TIME IN SECONDS | 
Since this velocity, vy is per- acs 
pendicular to velocity their 100 

relationship is expressed by me r=-l0 * 1000 SEC. | 
ty (tan r — tan e) 
tan tan a 
{11] 
Upon substitution of Equation 
the following formula re- 
sults for the penetration time . | 

When comparing the magni- r=+l0 Tp? 146 SEC 
. | 
tude of impact for various tool- 1000 


angle combinations, it is often 
not necessary to determine pene- 
tration time and impact factor er. 
from Equations [10], [12 ],and 
but it is sufficient to compare 


only the dimensions L, (or L4), 


Fic.10 DETERMINATION OF PENETRATION TIME AND MAGNITUDE OF IMPACT 


Ss 
Fic. 11 Setup or Curtrer anp Work Usep tn Toot-WEaAR TESTS 
Distance of Magnitude 
cutter axis of impact 
from plane of Angle of Location (impact factor) 
engagement, engagement, of sq in. per sec 
Setup in. deg impact 
A 2.000 30 4 3.4 
B 0.020 U 12.3 
Cc 0.700 10 Vv 19.5 
D 0.360 5 U 24.5 
E 0.520 UV 44.5 
Constants: 
Axial and radial rake, deg............. 10 negative 


obtained graphically as the travel distance of the index line across 
the chip cross-sectional area from contact position to end position. 
The following rules apply: 


(a) The longer distance L,, the less the impact, provided 
that the axial rake is the only variable involved in a comparison of 
impact. 

(6) The longer distance L,, the less the impact, provided 
that the radial rake or the angle of engagement is the variable 
involved in the comparison. 


(c) The longer either distance L, or L,, the less the impact, 
provided that the corner angle c is the only variable involved 
in the comparison of impact. 


The two examples shown in Fig. 10 indicate that the impact 
will be smaller in the lower case, because L, is here longer than 
in the upper case. The L, comparison is used because, the radia! 
rake is the variable in the examples. The ratio of impact is 
inversely proportional to the distance Ly, i.e., the impact is 46 
per cent greater in the upper case than in the lower one. 
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3 HOW IS TOOL- WEAR AFFECTED BY IMPACT? 


Tool-life tests have been carried out in order to determine the 
relationship between impact and tool wear. 

A single-tooth cutter was employed for each run, changing the 
tooth after 13,300 impacts. Tests were also made with 20,000 
impacts, and 26,600 impacts. 

The location and magnitude of impact were varied by changing 
the distance of the cutter axis from the plane of engagement, 
that is, by changing the angle of engagement (e). It was neces- 
sary only to adjust the knee of a horizontal milling machine up or 
down for each setup. Five different setups were tested as indi- 
cated in Fig. 11. 

It will be noticed that the variation in the angle of engagement 
(e€) was small; this was done in order to keep the initial chip 
thickness and the exit conditions of the cutter as constant as 
possible. 

The width of the workpiece was only */, in. in order to reduce 
tool wear due to cutting, in comparison with the wear due to im- 
pact. 


The average depth of the crater on the tool face, measured 
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Fic. 13. Wear Test, Setup E; Larcest Impact Factor 


after the same number of impacts, was taken as the basis for com- 
parison of tool wear. The results are indicated in Figs. 12 to 16, 
inclusive. 

Fig. 12 shows the results of the wear test for setup A where the 
distance from cutter axis to plane of engagement was 2 in., 
corresponding to an angle of engagement of 30 deg. 

The wear was measured at ten points in each of the three planes 
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Fic. 15 Compartson or Wear tn X-X PLaNne For Five Setups 


marked X-X, Y-Y, and Z-Z, perpendicular to the cutting edge. 
The wear at each point was measured repeatedly. 

It will be seen that the wear in the X-X plane was the greatest, 
with a maximum at tracer travel point 10 (that is, on the cutting 
edge). Tracer point 0 indicates the surface on the tool face not 
touched by the chip. 

The dash-dotted line indicates the average of the wear in the 
three planes X-X, Y-Y, and Z-Z. 

Setup A is the case where the impact factor is the smallest of 
the five setups tested. 

Fig. 13 refers to the wear in the case of the largest impact 
factor (setup E), again measured in three planes perpendicular 
to the cutting edge. The distance of the cutter axis from the 
plane of engagement was '/, in., the angle e was 7!/; deg. 

The averaged value of the three curves is again indicated by a 
curve marked “average.” 

Setup E and setup A are compared in Fig. 14, where the aver- 
age curves of these two setups only are plotted. It will be seen 
that the wear in the case of the larger impact (setup E) was al- 
ways greater than the wear of the smallest impact (setup A). 
Totaling the wear indicated by each one of the average curves 
results in a figure called “total average.”’ This figure represents 
the over-all wear for each setup and is the result of about 200 
values. 

In the case of setup A, the total average was 168 microinches 
but as much as 280 microinches in the case of setup E. This 
appreciable difference of nearly 70 per cent is caused by the 
slight difference in the relative position of cutter axis to work- 
piece, and its resultant change in location and magnitude of im- 
pact. 
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Diagram, Fig. 15, has been prepared in order to compare the 
wear for all five setups. Wear values in the X-X plane have been 
selected as an example, but the same trend holds also for the other 
planes. 

It will be seen that the wear curves follow each other in ap- 
proximately the same order as the impact factors. 

Reading from the bottom up, the smallest wear (curve A) oc- 
curred in the case of the smallest impact; the second curve (curve 
B), referring to a larger impact factor, indicates also greater 
wear, and the greatest wear is found in the case of the largest 
impact factor. 

Only curves C and D are reversed, because D has a smaller 
wear but a higher impact factor than curve C. 

An explanation for this reversal is offered in Fig. 16 which is a 
summary of the wear tests. The impact factor is plotted loga- 
rithmically on the z-axis; the depth of the face wear on the y- 
axis, which is arithmetical. 

Kach of the five points is the result of approximately 200 values 
and represents the total average of the wear for the respective 
setup, indicated diagrammatically at the top. A definite trend is 
indicated by the curve, namely, the finding that tool-face wear 
increases with increasing impact factor, that is, with the rate 
of increase of chip cross-sectional area. It will furthermore be 
noticed that the points indicating the wear in case of U-contact 
are below the trend curve, while those for V-contact are above the 
curve. 

It may well be the case that, within limits, a large impact ap- 
plied at point U causes less wear than a small impact at point V. 
This may explain the reversal of the C and D curves in Fig. 15 
where the D curve represents the case of a large impact applied 
at a favorable point of the tool (U-contact), while the C curve 
refers toa small impact applied at the less favorable point V. This 
would also indicate that equal impacts will cause less wear when 
applied at U than at V. 

In so far as our tests indicate up to now, it is concluded that a 
small impact at point U is the most desirable condition, but a large 
Impact at this same point (U) is worse than a small impact at V. 

lt appears that both the location and the magnitude of im- 


pact should be taken into consideration for determining favor- 
able tool-life conditions. Their combined effect is a major fac- 
tor in tool wear. 

There are naturally other factors affecting tool wear; if these 
other factors cannot be kept constant when varying the location 
and magnitude of impact, they may change the trend indicated 
by the curve. The curve may run more horizontally or rise more 
rapidly. This will be the subject of further research. 


CONCLUSIONS 


With the aid of the graphical method, the following conclu- 
sions can readily be drawn from exploring contact conditions of 
various combinations of axial rake, radial rake, cutter diameter, 
distance of cutter from work, and for various shapes of the cut- 
ting edge: 


1 For face mills and end mills, usually located on the work- 
side of the plane of engagement: 


(a) The most frequent type is V-contact, that is, at a point 
on the face edge, remote from the sharp point of the tool by a 
distance approximately equal to the feed per tooth. 

(b) U-contact can occur only when the axial rake is negative; 
the radial rake, however, may be either positive or negative, 
but must be smaller than the angle of engagement. This latter 
condition (r < €) is usually satisfied with face mills and end mills, 
except when the cutter axis is nearer to the plane of engagement 
than about 20 per cent of the cutter diameter. 

(c) The larger the corner angle, the less likely is U-contact. 

(d) Chamfering of a cutting edge renders it more difficult to 
obtain U-contact. 

(e) Changing the corner angle c does not always affect initial 
contact. There is no effect if the axial rake is positive. There 
may be, however, an effect if the axial rake is negative. (If c 
is small, initial contact will be at U, if c is large, initial contact 
will be at V.) 


2 For arbor-mounted cutters, such as straddle mills, side 
mills (and occasionally also for face mills, when only a portion 
of the width of the workpiece is machined) : 
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(a) The most frequent type is 7'-contact, that is, contact at 
the top point of the cutting edge. 

(b) The undesirable type of S-contact, at the weakest spot 
of the tool, can be eliminated by grinding a negative axial rake 
to the tooth. 

(c) A negative radial rake alone does not necessarily elimi- 
nate the undesirable type of S-contact. 

(d) Chamfering of a straight cutting edge having 7T-contact 
will not change this type of contact and is therefore ineffective 
as far as contact conditions are concerned. 

(e) Chamfering of a straight cutting edge, however, having 
S-contact, will eliminate such contact by shifting the location of 
the contact point either to S, (along the face edge) or to S, (out 
of the plane of the machined surface), depending on the size of 
the chamfer angle. 

(f) Changing the corner angle affects contact conditions of 
arbor-mounted cutters differently from those of face mills and 
end mills. In the case of arbor-mounted cutters, a change in the 
corner angle does not affect initial contact, when the axial rake is 
negative. However, if the axial rake is positive, it may be either 
T-contact or S-contact, depending on the relationship of index 
angle and corner angle. 

3 Foralltypes of milling cutters: Tool angles on milling cutters 
suchas face mills, end mills, straddle mills, side mills alone do not 
determine any type of initial contact. It is always necessary to 
consider also the angle of engagement. 

An existing cutter with given rake and corner angles may have 
different types of initial contact, depending on the position of the 
workpiece relative to the cutter axis, and on the cutter diameter. 
Tool life may therefore vary with the setup of cutter and work. 


4 Exit conditions: 


(a) The point of initial contact is not necessarily identical 
with the point that leaves the work first. 
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(b) The wider the workpiece, the less likely is the identity 
of the point of initial contact with the point that leaves the work 
first. 

(c) Most frequently, the top point 7’ of the cutting edge 
emerges first (7'-exit). 

(d) When the top point of the cutting edge contacts the work 
first (7’-contact) it also leaves first (7’-exit). 

(e) In the case of a positive axial rake: V-contact may be 
followed by either S-exit or T-exit; S-contact may be follewed by 
T-exit, depending on the width of the work and the combina- 
tion of the other tool angles. 

(f) In the case of a negative axial rake: V-contact may be 
followed by either U-exit or T’-exit; U-contact may be followed 
by T-exit, depending on the width of the work and the com- 
bination of the other tool angles. 


5 Tool wear: 

(a) The combined effect of location and magnitude of impact 
is a major factor in the wear of sintered-carbide tools. 

(b) A small impact at U seems to be the most desirable con- 
dition, but a large impact at this point is worse than a small im- 
pact at V. 

(c) The most desirable condition can be obtained by careful 
co-ordination of axial rake, radial rake, corner angle, chamfer 
angle, and angle of engagement. 
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100-OcTANE GASOLINE MANUFACTURE 


Resistance of Nickel-Containing Alloys 


to Corrosives Encountered in the 


Petroleum Refineries 


By B. B. MORTON,' NEW YORK, N. Y. 


Production of bulk gasoline in a modern petroleum re- 
finery is accompanied by corrosion during topping and 
cracking from sulphur and from weak hydrochloric acid 
which is formed from salts in the crude. Organic acids 
such as naphthenics are also often present and are quite 
corrosive. Solutions of refinery corrosion problems are 
considered in this paper. 


HE modern petroleum refinery under the stress of pro- 
‘tee war essentials, such as high-octane gasoline, rubber, 
etc., has become a most complex organization. 

Fig. 1, which is a rather simplified flow sheet of the processes 
employed in making 100-octane gasoline, hints at the complexi- 
ties involved. A view of the towers, tanks, lines, and equipment 
involved would be more impressive but possibly less instructive. 

As a homely comparison a refinery may be likened to a kitchen 
in which many cooks are turning out a large volume of good soup 


1 Development Engineer, Development and Research Division, 
The International Nickel Company, Inc. Mem. A.S.M.E. 

Contributed by the Petroleum Committee of the Process Indus- 
tries Division and presented at the Annual Meeting, New York, 
N. Y., Nov. 26-29, 1945, of Tae AMERICAN Society or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


(standard gasoline). Other cooks, specialists, are busy making a 
sauce to be added in small parts to the soup to make it superla- 
tively good. This sauce is the additives, made by polymeriza- 
tion, alkylation, hydrogenation, etc. These additives bring up 
the octane number of the bulk gasoline produced. The final step 
is the addition of lead compound, the supersauce. 

The production of the bulk gasoline is accompanied by corro- 
sion, during topping and cracking, from sulphur and from weak 
hydrochloric acid which is formed from salts in the crude. Or- 
ganic acids, as naphthenics, also are often present and are quite 
corrosive. These acids are apparently becoming more of a corro- 
sive factor during distillation as a result of the crudes used at the 
present time. 

The corrosion problems associated with the formation of the 
additives are much more pronounced and are more varied than 
those associated with topping and cracking. This can be under- 
stood by considering some of the reagents involved in the manu- 
facture of the additives: 

Acids: Hydrochloric, sulphuric, hydrofluoric, phosphoric, etc. 

Bases: Sodium hydroxide, potassium hydroxide, ammonia, etc. 

Salts: Aluminum chloride, boron chloride, ete. 


CoRROSION IN REFINERIES 


The author has found it convenient to consider refinery corro- 
sion as possessing two different identities, the dividing line being 
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the temperature level at which water is no longer present; an 
arbitrary figure of 500 F has been taken. Above this tempera- 
ture ‘“‘dry’’ corrosion is considered to take place due to the action 
of sulphur and also some organic acids; below this temperature 
“wet” or electrolytic corrosion is assumed to take place. 

The nature of electrolytic corrosion has been described in de- 
tail in the literature. It is pointed out that a metal tends to go 
into solution at an anode while hydrogen or another metal plates 
out at the cathode. It is generally recognized that the areas of 
the electrodes, the presence of depolarizing agents, and also the 
relation of the electrodes in a galvanic series, all affect the rates of 
corrosion. The gradual changes in composition of the film at the 
face of the electrodes can greatly affect the rate, direction, and 
nature of the corrosion. 

It has been widely pointed out, though not well heeded, that 
the current passing is the important factor in corrosion by elec- 
trolysis rather than the potential between electrodes. 

The electrolytic conception of corrosion has provided a working 
insight into much corrosion. It has also furnished an ingenious 
but often erroneous explanation of some corrosion. It has 
awakened a dread of the presence of dissimilar metals, sometimes 
unwarranted. 

A galvanic series of some metals in salt water is provided in 
Table 1 (1).2 This series will prove of interest in combating re- 


TABLE 1 GALVANIC SERIES OF METALS AND ALLOYS 


Corroded End (anodic, or least noble) 


Magnesium 

Magnesium alloys 

Zine 

Galvanized steel or galvanized wrought iron 
Aluminum 52SH 

Aluminum 45 

Aluminum 358 

Aluminum 28 

Aluminum 538-T 

Alclad 


Cadmium 


Aluminum A17S-T 
Aluminum 178-T 
Aluminum 248-T 


Mild steel 

Wrought iron 

Cast iron 

Ni-Resist® 

13% chromium stainless steel type 410 (active) 
50-50 lead-tin solder 


18-8 stainless steel type 304 (active) 
18-8-3 stainless steel type 316 (active) 


Lead 
Tin 
Muntz metal 


Manganese bronze 
Naval brass 


Nickel (active) 
Inconel (active) 


Yellow brass 
Admiralty brass 
Aluminum bronze 
Red brass 

Copper 

Silicon bronze 
Ambrac 

70-30 copper nickel 
Comp. G-bronze 
Comp. M-bronze 


Nickel (passive) 
Inconel (passive) 


Monel 


18-8 stainless steel type 304 (passive) 
18-8-3 stainless steel type 316 (passive) 


Protected End (cathodic, or most noble) 


® Reg. U. S. Pat. Off. 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fie. 2) Strupy or NicKEL-PLATED STEEL SuCKER Rop From Corro- 
SIVE WELL; OxYGEN ABSENT; X8 


(Note absence of undercutting where plate has worn through in contact with 
the tubing.) 


finery corrosion’ in condensers, run-down lines, separators, ete. It 
has been found that galvanic corrosion is greatly suppressed in the 
absence of oxygen, and this should be considered in evaluating 
galvanic corrosion in refineries. As light on this subject, Fig. 2 
is provided. It will be noted that the nickel plate on the stec! 
sucker rod has failed to produce as serious undercutting as might 
be expected from the coupling of these two metals. The rod was 
exposed to the corrosive brine of an Arkansas well. The metal 
removed is the result of contact with the tubing. The absence of 
oxygen is assumed to account for the absence of marked galvanic 
corrosion, 

That highly vigorous attack can be produced under conditions 
favorable to galvanic attack is shown in Table 2. The data of 


roe IMINARY STUDY OF A CARBONACEOUS ELEC- 
RODE COUPLED WITH SOME ALLOYS 


TABLE 2 


{Carbonaceous electrode................ ...1.07 dm? 

193 C (379 F) 

—Corrosion rates of alloys— 
Couple Time, hr M.d.d In. per year 
Carbon and Hastelloy B@........ 4 59626 9.04 
Carbon and Hastelloy D@........ 16 1266 0,23 
Carbon and Monel>............. 4 40413 6.54 


2 Normally quite resistant to these conditions. 
+ Normally fairly resistant to these conditions. 


this table were derived by coupling metals with a carbon-contain- 
ing material which is used to line vessels against acid attack or 
to form packing or equipment in vessels. The necessity of insu- 
lating to prevent forming a couple of metal with this carbon- 
containing material can be readily seen. The difficulties of 
insulating effectively will be great in many cases, 

It must not be assumed that galvanic corrosion is an unmiti- 
gated evil. This form of corrosion can be usefully employed and 
is widely used though often without recognition of the fact. 
Galvanizing is a nice example of the use of galvanic effects. The 
iron is protected by the sacrifice of zinc. In general, to use gal- 
vanic protection a metal “Jess noble” than the one to be protected 
must be coupled with the metal whose life it is desired to prolong. 
No parsimoniousness can be tolerated in the use of the less noble 
metal. It must be considered definitely expendable and must. be 
present in suitable mass and area to invite and to sustain attack 
over the desired period. 

The destruction of the less noble metal need not be complete. 
Some Monel (2/; nickel, '/; copper) bolts from a condenser, Fig. 3, 
provide a good example of protection without destruction of the 
less noble metal. The cast iron in contact with the bolts built 
up a graphitic layer which protected itself while offering protec- 
tion to the Monel. The vast area of the cast-iron pipes also 
tended to offset the attack directed to the pipe by the bolts. The 
use of greater area of the less noble metal is a common means of 


3 It must be recognized that in a different medium the placement of 
the metals might differ slightly. 
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utilizing galvanic corrosion to protect a part, as a weld or a rivet 
head, without unduly injuring the less noble material. 


GENERAL SOLUTION TO REFINERY CORROSION 


A general solution to the two distinct types of corrosion oc- 
curring in a petroleum refinery appears as follows: 

(a) Elevated Temperature (Above 500 F). Chromium is the 
metallic element most useful to resist the action of sulphur. The 
necessary concentration of chromium in the metal appears to 
depend upon the temperatures used and the concentration of the 
sulphur compounds; also the nature, of these compounds. 
Metals showing resistance to sulphur which are in wide use are 
listed in descending order as follows: 18 per cent chromium, 8 
per cent nickel; 11 to 14 per cent chrome steels; 4 to 6 per 
cent chrome steels. 

The variety of mechanical properties of these alloys as well as 
their corrosion resistance dictate the particular choice. 

Where naphthenic acids are a source of corrosion at tempera- 
tures above 500 F, the following alloys are employed: 

Inconel‘ (approximately 80 per cent Ni, 13 per cent Cr) 
Type 316 (approximately 18 per cent Cr, 14 per cent Ni, 2-3 per cent 
Moly) 

In some investigations reported, (2) it has been pointed out that 
18-8 is more vigorously attacked by naphthenic acid under con- 
ditions of elevated temperature than is carbon steel. Both metals 
were vigorously attacked. Alloy 18-14-3, however, appears quite 
resistant. Inconel appears to be highly resistant, possibly since 
nickel itself is, and the 13 per cent chromium present gives pro- 
tection against sulphur attack which might take place on nickel 
above 500 F, 

Type 316 stainless steel 18-14-3 is finding increasingly wider 
uses in refineries as they turn toward the manufacture of chemi- 
cals from petroleum products. Its resistance to many organic 
acids is outstanding. It is considered less subject to “weld de- 
cay” than is regular 18-8. 

The practical application of material to resist corrosion at ele- 


‘ Registered trade-mark name; The International Nickel Com- 
pany, Ine. 


Monet Bots Exposep 22 YEARS IN A CONDENSER Box TO CONTAMINATED SALT WATER OF THE KILL VAN KULL 


231 


4 


vated temperature consists in using tubing of 4-6 per cent chrome 
or of 18 per cent chromium, 8 per cent nickel alloy, lining equip- 
ment with 18-8 or 11 to 15 per cent chromium stainless. Where 
strip or other welding is used, 18-8, or better, 25 per cent chrome, 
20 per cent nickel rod is used. 

In some equipment as in certain bubble towers, a wide tempera- 
ture gradient exists along the axis, say, from 700 to 370 F. In 
this case a stainless steel is indicated for the temperature region 
above 500 F, and Monel for the cooler top region Fig. 4. Some 
very large towers have 18-8 lining, trays, and caps in the high- 
temperature region and Monel lining, caps, and trays in the top. 

Some exchangers exposed to attack from naphthenic acid at 
temperatures of 700 to 850 F are tubed and equipped with Inconel 
(approximately 80 per cent nickel 13 per cent chrome). 

(b) Low-Temperature Corrosion (Below 500 F). Corrosion oc- 
curring within the temperature region below 500 F is considered 
to be electrolytic in character. It is assumed that liquid water is 
present to form an electrolyte. The solution to the corrosion of 
this type is more difficult than in the case of corrosion at elevated 
temperature, owing to the complex nature of the attacking agents. 
No single element is effective against corrosion at low tempera- 
ture as is chromium at elevated temperature against sulphur. 

The most satisfactory means for studying corrosion of any type 
appears to be to install specimens of metals under operating con- 
ditions and to observe results. This is particularly true for elec- 
trolytic corrosion. Insulating between samples is necessary for 
this temperature region where water can exist, and this compli- 
cates testing. The test spool, Fig. 5 (3), has been developed and 
improved over a period of years by the author’s company. 
Thousands of specimens have been exposed in various industries, 
and an impressive mass of data have been accumulated. 

From a study of the data it appears that no general rule can 
be applied to the selection of a material for use in a refinery in 
order to combat electrolytic corrosion. The selection is best done 
by studying the exposed samples. Such a study is helpful in 
picking the most economical material, as the samples will indi- 
cate the relative life and the tendency toward pitting. Often the 
short life of refinery equipment, due to becoming obsolete, dic- 


i 
. 


232 


TRANSACTIONS OF THE A.S.M.E, 


APRIL, 1946 


Fig. 4 Segcrion or LarGE FRACTIONATING TOWER THE Top Part or Wuicu Is “SmITHLINED” WitH MoNEL SHEET TO WITHSTAND 
Corrosion BY DitureE HCL. Tue Borrom Lintna Is oF 18-8 Tro Resist SULPHUR 


(Monel tower linings are confined to top sections where temperatures do not exceed 500 F.) 


Fic. 5 Spoot-Type Specimen Hotper Usep 1n Testrnc Corro- 
SION OF METALS 


tates a less expensive material than would be selected if indefinite 
life is desired. 

The use of nonferrous alloys to combat electrolytic corrosion 
is widespread, as will be evident, in the consideration of material 
used in parts of refinery equipment exposed to corrosives. 


CONDENSING EQUIPMENT 


Condensing equipment suffers much from electrolytic corro- 
sion. As the tendency is increased to improve the efficiency of 
this equipment the need for better and more corrosion-resistant 
materials is felt, that is, as the submerged coil of cast-iron pipe is 
abandoned for shell-and-tube or submerged-tube segments, the 
need for better material is noted. 

Condenser shells are formed either of Monel-clad steel or are 
protected locally by liners of this alloy, Fig. 6. Where Admiralty 
tubing is suffering dezincification, the trend before the war was 
to use 70-30 copper-nickel tubes. “Other nickel-containing tubing 
to thwart dezincification is hinted at as postwar materials. 

The 70-30 copper-nickel tube offers greater resistance to im- 
pingement attack than does Admiralty tubing. 


ISOMERIZATION EQUIPMENT 


The introduction of HCL gasas an atmosphere in an isomeriz:- 
tion operation has greatly intensified refinery corrosion problems. 

Hastelloy B, an alloy of approximately 60 per cent nickel, 32 
per cent molybdenum, is apparently one of the most resistant of 
commercial alloys to the corrosive conditions evoked by the use 
of the HCL atmosphere in the isomerization operation, Some 
data, Table 3, obtained by exposure of samples in an operating 
unit serve to place Hastelloy B in comparison with some other 
materials. The position of nickel is also indicated. It has been 
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noted in service that nickel is somewhat erratic in its resistance. 
The cause is not known for the variation noted. 

The study of materials for use in isomerization units is pro- 
ceeding apace. The widespread use of nickel would indicate that 
certain refinery units understand and can control its rate of cor- 
rosion. The success may depend on the efficiency of the de- 
hydrating equipment. High efficiency of these drying units will 
permit use of the cheaper materials of construction. 


ALKYLATION UNITS 


Alkylation is carried out witn the use of hydrofluoric and sul- 
phuric acids as catalysts. 

Monel has emerged as possibly the most useful of the commer- 
cial materials for parts of units using HF acid for the catalyst. 
It is now used as liners for vessels; as rings and packing; as 
valves and fittings, ete. There may be a tendency to use Monel 
lining with carbon packing. The corrosion engineer so inclined 
to this use is referred to Table 2 and is warned. 

“S”’-Monel, a high-silicon alloy (4 per cent Si) (see Table 5) has 
such excellent resistance to seizing and galling that its use as the 
plug and other parts of valves was considered for use in HF al- 
kylation units. The vigorousness with which hydrofluoric acid 
attacks silica caused some concern that the silicon of S-Monel 
might be attacked. Laboratory results indicate that S-Monel is 


not attacked with especial vigor by HF, and use is made of this 
alloy as a plug material. 

A welding rod to permit an overlay of S-Monel has been de- 
veloped by the author’s company. Since the rod must of ne- 
cessity have a silicon content greater than that of S-Monel to 
compensate losses during the overlaying, the rod was tested in HF 
acid with results noted in Table 4. The rate of attack on the 
rod material itself is tolerable, and since the overlay will have the 
composition of S-Monel, which is apparently adequately resist- 
ant, the rod will probably fill a need for a corrosion- and a galling- 
resistant surface for valve parts. 

Sulphuric acid presents many corrosion problems in refineries, 
especially when it is used as the catalyst in an alkylation unit or 
asasolvent. This is due to variations in concentrations and tem- 
perature. Table 5 lists some materials used in handling sulphuric 
acid in petroleum refineries. 

When the problem involves eoncentrating acid, Hastelloy D 
has proved useful and it is used for the elements to introduce heat 
into the acid. 

Pump and valve parts are made from the alloys listed in Table 
5, and from similar alloys. 

The behavior of sulphuric acid is so influenced by the presence 
or absence of oxidizing reagents, by the presence of chlorine or 
other halogens, also by the presence of salts that can form hydro- 
chloric acid, that general recommendations rarely can be made. 


TABLE 3 STUDY OF ALLOYS IN ISOMERIZATION UNITS 


240 F avg 
—Spool No. 1 (tar) Spool No. 2 (vapor)- 
Corrosion Pitting during Corrosion Pitting during 
rate, in. per test, in. rate, in. per test, in. 
year (avg) surface (max) year (avg) surface (max) 
Monel 0.024 0.004 

0.094 0.0026 0.050 0.010 

On td 0.047 Perforated 0.065+ Entirely corroded 
0.13+ Entirely corroded awa 

away 0.043 0.003 
0.162 0.005¢ 0.081 0.002 


ays of specimen corroded away. 
6 1/3 of specimen corroded away. 
© 1/4 of specimen corroded away. 
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TABLE*4 MONEL HYDROFLUORIC; COMPARISON OF ONTAINING 
AND MONEL WITH REGULAR MONE 


Duration of tests, air-free. . 
Duration of tests, air-saturated........ 


6 Days 
1 Day (24 hr) 


Velovity.......0 42 to 73 fpm 


= 


corrosion rate, in. penetration Re year 
At 86 F 


Air-free Air-saturated Air-free Air-saturated 

Hydrofluoric acid 25 per cent (by weight) 
0.0002 0.037 0.0024 0.011 
0.0006 0.019 0.0013 0.020 
0.0004 0.019 0.0004 0.022 
0.0002 0.009 0.0002 0.021 

Hydrofluoriec acid 50 per cent (by weight) 
0.0001 0.008 0.0006 0.039 
0.0005 0.006 0.0022 0.037 
0.0002 0.007 0.0009 0.044 
rete 0.0004 0.003 0.0020 0.046 


Note accelerating effect of oxygen. 


In refinery service this factor rarely appears. 


@ Laboratory tests in 25 per cent and 50 per cent hydrofluoric acid at 86 F, enel 176 F. Specimens were 


suspended in liquid hydrofluoric-acid solutions in a closed nickel autoclave equip 


denser. 


ed with nickel reflux con- 


Tests in air-free solutions made by bubbling nitrogen continuously through the acid, and air- 


saturated tests made by bubbling air continuously through. 


TABLE 5 


REPRESENTATIVE LIST AND APPROXIMATE COMPOSITIONS OF 


SOME 


NICKEL-CONTAINING ALLOYS USED IN CONNECTION WITH SULPHURIC ACID 


Chro- Molyb- Alumi- Sili- Manga- Tung- 
Nickel, Copper, Iron, mium, denum, num, con, nese, sten, Carbon 
per per per per per per per per per per 
Material cent cent cent cent cent cent cent cent cent cent 
99.44 0.1 0.15 0.05 0.2 0.1 
Monel 67. 30. 1.4 0.1 0.15 
H-Monel>....... 65 29.5 1.5 3. 0.9 0.1 
8-Monel>........ 63. 30. 4. 0.9 0.1 
K-Monel........ 66. 29. 0.9 2.75 0.25 0.4 0.15 
79.5 0.2 6.5 13. 0.25 0.25 v 0.08 
Hastelloy A...... 53. 22. 22. 3. 
Hastelloy B...... 60. 6. 32. 
Hastelloy C¢..... 51. 6. i7. 19. 5. 
Hastelloy D> 85. 3. 1 10. 
Ilium G®........ 60. 4. 6. 21. 6. 
60. 3. 8. 21. 5. 3. 
53. 5.0 8.0 23. 4.0 4.0 0.5 2.0 
Duramet T...... 22. 1.0 Bal. 19. 3.5 ee ree ay 0.07 
WOPEHIOB. .5.50000 24. 1.7 Bal. 20. 3.0 3.3 0.6 0.07 


* Including cobalt. 
+ Only as castings. 
Nore: 


The action of the presence of copper from copper-alloy fittings in 
the destruction of otherwise resistant alloys has been reported (2). 

The most resistant metallic materials to a wide variety of 
concentrations of sulphuric acid and to temperature variations 
and impurities in the acids to come to the author’s attention are 
the high-silicon cast irons, such as “Duriron” and ‘“Corrosiron.”’ 
The brittleness of these materials somewhat limits their useful- 
ness but when considered in design they are used for many pieces 
of equipment. 


Caustic REGENERATORS 


Caustic is used both to neutralize acid and as a solvent for or- 
ganic compounds. As an example of the latter consider mercap- 
tan scrubbing and recovery. 

Monel appears to be one of the most useful materials with 
which to line caustic regenerators, and for caps and trays. The 
tubes of the reboiler are often of Monel which appears quite 
satisfactory. The service of the tubes is severe since boiling and 
high attending velocity often injure protective films. An alloy 
of 70-30 copper nickel appears unsatisfactory for this service of 
tubes in reboilers in units recovering mercaptans from caustic. 
The vigorous attack of sulphur upon the copper-rich alloy and 
subsequent injury of film may account for the failures of 70-30 
so far reported. 

Before undertaking to line an existing tower that has been in a 
caustic regenerating unit with Monel, it is well to consider that 
sulphur on the steel wall may cause embrittlement of plug or other 
welds. The sulphur and adhering caustic must be entirely re- 
moved, Discussion of the proposed lining with the Technical 
Service group of the author’s company might be advisable since 
observations to date could be presented. 


Specific use can be determined by making tests or by seeking suggestions from suppliers. 


* Ni-Resist cast iron, a nickel or nickel-copper cast iron which is 
austenitic in structure, i.e., nonmagnetic, is useful for pumps and 
valve parts of equipment handling caustic. 

Nickel-clad steel appears to be the favorite material of con- 
struction in units employing caustic and an organic compound 
to act as a solvent for mercaptans. 


SoLvENtTs 


Many solvents find application in petroleum refineries. In 
fact the use of selective solvents has revolutionized the art of 
refining. 

Many of the solvents are corrosive toward steel. Others not 
originally corrosive become so after use and contamination. 

For such solvents as phenol, furfural, and chlorinated com- 
pounds, Monel or 18-8 stainless will be found quite satisfactory. 
The 18-8 is the proper material*to use at temperatures above 
500 F. Monel is considered more satisfactory for use with chlo- 
rinated solvents at the temperature at which these solvents are 
used, 

Solvents are often used at subzero temperatures of —50 F, 
—75 F, and —150 F. At these low temperatures corrosion 
ceases to be a problem but the impact value of many nonheat- 
treated steels suffers deterioration. Normalized nickel-contain- 
ing steels retain a large part of the room-temperature impact 
value at low temperatures when properly made for this service. 
Nickel steels of 2'/, per cent are used at temperatures down to 
—75 F. Nickel steels of 3'/; per cent, properly deoxidized and 
aluminum-treated, should provide suitable material for vessels 
to operate at —150 F. The carbon of the steel should be low, 
preferably below 0.10 per cent. For uses at lower temperatures 
one should consider the austenitic stainless steels or Monel. 
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In the foregoing, plates and large parts capable only of being 
normalized are considered. Nearly all alloy steels that can be 
fully hardened by quenching and drawing will give good impact 
value at very low temperatures. 


HyproGen ATTACK 


Hydrogenation is an important tool in petroleum refineries. 
Under conditions of temperature and high partial pressure of 
hydrogen, attack takes place upon steel and other materials in 
that there is a tendency toward decarburization and mechanical 
disintegration. 

Sulphur attack also is a factor in much of the hydrogenation of 
petroleum. 

The alloy, 18 per cent chrome, 8 per cent nickel, is highly re- 
sistant to hydrogen attack. It suffers some temporary loss in 
mechanical properties due to mechanical presence of hydrogen 


in the metal. The hydrogen can be removed by heating, and the 
properties restored. 

For other steels the presence of carbide-forming elements as 
chromium, tungsten, molybdenum, and others are required to 
prevent decarburization. In general, the more complex the car- 
bide the more resistant is the metal to decarburization under hy- 
drogenation conditions. Unless 12 per cent or more of chromium 
is present sulphur attack must be expected. 
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Creep of Neoprene in Shear Under 


Static Conditions 


By W. N. KEEN,' WILMINGTON, DEL. 


This paper presents some of the mechanical properties, 
particularly the creep characteristics, of neoprene and 
natural-rubber vulcanizates. Included along with the 
creep data are the mechanical properties obtained in both 
compression and shear on the vulcanizates used in this 
study. 


N an earlier paper Yerzley (1)? showed how changing the 
base composition by the use of different types of softeners 
and reinforcing fillers influenced the physical properties, 
particularly the creep characteristics, of neoprene vulcanizates. 
This paper shows how the creep in shear of neoprene vul- 
canizates in the hardness range of 40 to 60 durometer (Shore 
Type A) is influenced by the following: 


1 Degree of vulcanization. 
2 Preconditioning in shear at elevated temperatures. 
3 Changes in composition. 


The long-time static creep-tests discussed herein show that 
as the degree or state of vulcanization of neoprene compositions 
is increased, the rate of creep and the set of these vulcanizates are 
decreased without appreciably altering other important mechani- 
cal properties. 

Preconditioning at elevated temperatures reduces both the 
rate and the magnitude of creep to a greater extent for the neo- 
prene vulcanizates than for the natural-rubber vulcanizate tested. 

The greatest improvement in creep characteristics has resulted 
from changes in the composition of the vulcanizates. 

Both the composition and the degree of vulcanization must 
be studied in order to obtain the most desirable combination of 
properties for a given application. Such a study should be broad 
enough to cover independent evaluation of the important me- 
chanical properties involved. 


METHOD oF TESTING SAMPLES 


The tests described in this paper were conducted at a con- 
trolled temperature of 82 F + 2 F under a load of 17.75 psi. 
The sandwich or specimen designed for evaluating vulcanizates 
in shear on the Yerzley oscillograph (2) was used in this work. 
Fig. 1 shows the static-creep test stand with specimens under test. 
The rectangular rubber members of the specimen are each 0.5 X 
0.5 X 0.882 in. The schematic sketch, Fig. 2, gives the details 
of the loading bar showing its knife~edge construction and the 
connecting linkage between the test specimen and the loading 
bar. The linkage is readily adjustable so that the bar may be 
leveled as creep takes place in the specimen. Creep in inches was 
measured by a dial gage (0.001) equipped with a special jig. 

In order to present the data for the several compositions on a 
‘Rubber Chemicals Division, Organic Chemicals Department, 
E. I. du Pont de Nemours & Company. Jun. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tue 
AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


Fic. 1 


SAMPLE BEING TESTED 


LINKAGE —— 


LOADING KNIFE EDGE 
BAR 

Fic. 2 Scuematic Sketcu or Test Specimen, Loapina Bar, 


AND LINKAGE 


comparable basis, they are expressed in terms of relative creep, 
as defined by Yerzley (1). Relative creep may be expressed 
mathematically as follows: 

Total deformation — initial deformation* 


Relati p= iti i 
elative creep Initial deformation* 


In other words, the relative creep at 5 min is zero in all cases. 


* Deformation obtained 5 min after loading. 
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TABLE 1 MECHANICAL PROPERTIES OF COMPOSITIONS 
Compression characteristics— 
er cent set, Resilience Fre- Static modulus, psi Load at Effective 
8-2 SC-525 60/287 46 13-25 88 227 490 690 
83 8C-525 30/307 47 12 24 88 227 470 685 115 857 
3-4 SC-425 80/307 41 11 18 83 234 435 B45 103 847 
1 1 32 75 795 160 
S-9 8C-612 65/307 59 10 18 58 +70 160 
S-10 SC-614 45/307 59 4 9 77 237 710 870 200 1070 
The actual creep in inches is included in order to give the design 1000 r 
engineer some idea of the magnitude of the dimensional changes 
resulting from creep. ss 
As the state or degree of vulcanization of neoprene is increased 300; 
(S-1 versus S-2), the rate of creep and the set of the vulcanizates 200r 
decrease. The decrease in the rate of creep with increased state | |, pam omowrns 
of vulcanization is shown graphically in Fig. 3, where per cent 
relative creep is plotted against time on log-log paper. The 5 4 
change in rate of creep or slope values B are given in Table 1. > 
It will be noted in Fig. 3 that the magnitude of relative creep is 4% ] 
also reduced for this composition as the degree of vulcanization & 
is increased. The numerical values for creep at the end of 3 =z NEOPRENE 
years and 9 months are given in Table 1. 2 ak +d | 
Table 1 also gives the compression and shear set values deter- * °f $3 B0/307"F 
mined under constant load and constant deflection. The shear 3r 
set values were determined in accordance with A.S.T.M. D-395- 2r 7 
40T with respect to time and temperature. These values indi- 
cate the actual shear strain remaining in the specimen after 30 ' 23 5 © at I on 200 800 1002000 5000 


min recovery at room temperature. As would be expected, 
there is little difference in the physical properties between S-2 
and S-3 since the time and temperature relationship is such that 
the degree of vulcanization for them is about equal. From the 
manufacturer’s point of view the shorter time of vulcanization 
at a higher temperature would be more desirable. 


PRECONDITIONING TO REDUCE CREEP 


Another way to reduce the amount of creep of some vulcani- 
zates is by preconditioning. Preconditioning of the neoprene 
(S-3D) and the natural-rubber (S-7D) specimens consisted of 
straining them 30 per cent in shear and heating in this con- 
dition for 24 hr at 158 F. Afterthe heating period, the speci- 
mens were removed from the jig and permitted to rest for one week 
at 82 F before being mounted on the static-creep test stand. 
Fig. 4 shows how this preconditioning in shear reduces the rate 
of creep for a limited time for both neoprene and natural-rubber 
vulcanizates. These curves indicate that neoprene is more 
receptive to preconditioning as a means of reducing creep than 
is natural rubber. Deviations from a straight-line function 
similar to those exhibited by curves S-3D, S-7, and S-7D have 
been reported by other investigators (3). 


EFFECT OF CHANGING COMPOSITION 


Fig. 5 presents some idea of how the relative creep may be 
varied by changing the composition. If this group of curves is 
considered from’ the standpoint of slope or rate of change of 
relative creep, they are all superior to the natural-rubber control 
except specimens S-4 and S-10. Specimens S-6, 8-8, and S-9, 
would undoubtedly be of greatest interest to the design engineer 
because of their low rate of creep, as indicated by their slopes of 
less than 0.20. It will be noted, however, that while all of the 
curves except S-4 and S-10 have a lower slope than the natural 
rubber (S-7); all of them except S-10 have a higher per cent 
relative creep after 1 day. This higher initial creep can readily 


Fic. 3 INFLUENCE oF DEGREE OF VULCANIZATION ON STATIC 
CREEP IN SHEAR OF VULCANIZATES OF SAME NEOPRENE CoMPOBITION 
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SHEAR oF NEOPRENE VULCANIZATE, COMPARED TO NATURAL-RUBBER 
VULCANIZATE 


be taken care of by the engineer in his design of a spring or 
mounting. 

In view of the fact that the relative creep - time curves are 
linear when plotted on logarithmic co-ordinates, they may be 
expressed by the equation 


Relative creep = At? 


where A = Y intercept at 1 day 
B = slope of curve 
t = time in days 
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TABLE 1 (Continued) 
Shear characteristics 
Percent Percent Resilience Load -—————Static-creep characteristics in shear——— ~ 
set set at 20 Static modulus, at 20 Under load of Creep 
constant constant er cent Fre- psi recent Effective 17.75 psi Per cent in Y 
load, deflec- eforma- quency, Ato At 20 eforma- dynamic Initial Initial relative inches, inter- 
Speci- 17.75 tion, 20 tion, cycles percent percent tion, modulus, deformation, shear, creep, 3 yr cept Slope 
men psi per cent percent per min deformation psi psi in. percent 3yr9mo 9mo A B 
8-1 5.0 3.5 85 167 100 106 20 204 0.0930 18.6 92.3 0.0858 0.158 0.244 
$-2 4.2 2.8 86 169 120 107 22 210 0.0858 17.2 69.4 0.0595 0.140 0.222 
8-3 4.0 a7 87 176 115 105 22 227 0.0883 17.7 63.0 0.0556 0.142 0.205 
S-4 4.6 3.6 83 159 102 95 20 180 0.0935 18.7 42.0 0.0393 0.050 0.295 
8-6 6.3 3.8 66 174 91 73 17 224 0.1530 30.6 65.0 0.0995 0.217 0.155 
S-7 4.5 4.0 90 161 121 125 25 231 0.0707 14.1 54.2 0.0383 0.031 0.285% 
8-8 ‘= 80 202 150 145 30 363 0.0591 11.8 104.0 0.0615 0.296 0.174 
8-9 se ne 63 193 135 130 28 314 0.0649 12.9 50.6 0.0328 0.194 0.129 
S-10 1.8 2.4 81 187 197 173 38 365 0.0465 9.3 22.0 0.0102 0.026 0.294 
~ @ Slope of straight-line portion of curve. 
1000 T further evidence to confirm Yerzley’s (1) statement that there 
om | is no simple correlation between creep rate and resilience. 
300} 1 CHANGE IN Properties WiTH AGE AND TEMPERATURE 
' 
iene Since engineers are always interested in knowing how age 
2100 ; affects the material with which they are working, the following 
w data were obtained: The static creep test in shear after 3 years 
= ] was terminated on specimens of S-1, S-4, S-7, and S-10, and the set 
: ' j  inshear remaining 24 hr after removing the load was recorded. 
ri Hi + The change in the mechanical properties of these four specimens 
. | and in the specimens of the same four vulcanizates which had 
8 been stored at 82 F in an unstressed condition for 3 years were 
= ti ae ane obtained by means of the Yerzley oscillograph. Data given in 
—" | Table 2 show that natural aging for 3 years has caused a slight 
a | stiffening of the neoprene vulcanizates which is reflected by the 
| increase in resilience, frequency, and moduli. There is little 
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Fic. 5 INFLUENCE oF CoMPOSITION ON CREEP IN SHEAR OF NEo- 
PRENE VULCANIZATES 


Table 1 gives the values for A and B for all of the curves except 
S8-7D which has a variable slope. 

As has been shown, the A.S.T.M. set, and the creep characteris- 
tics of neoprene are improved as the state of vulcanization is 
increased. Likewise some of the other mechanical properties in 
both compression and shear are increased as the state of vul- 
canization progresses (see Table 1). The compression char- 
acteristics were determined on cylinders 0.75 in. diam and 0.5 in. 
high, molded from the same composition used in making the 
shear specimens. 

In view of the popular belief that high resilience is indicative 
of low creep, it is interesting to note that neoprene specimens 
8-6, S-8, and S-9, which have the lowest rate of creep of the com- 
pounds investigated, also have the lowest resilience. This is 


TABLE 2 EFFECT OF NATURAL 


difference between samples aged in a stressed condition and those 
aged in an unstressed condition. 

Knowledge of how the mechanical characteristics of a vul- 
canizate are affected by changes in temperature is for most ap- 
plications essential to the design engineer. Riesing (4) has 
shown the effect of temperature on some of the physical proper- 
ties of neoprene vulcanizates. He presented data showing the 
functional stability of neoprene at different temperatures by in- 
stalling neoprene motor mountings, muffler support, and spring- 
shackle bushings in a car and conducting tests at ambient tem- 
peratures of —40 F and +140 F. 

Both Forman (5) and Liska (6) have reported that some 
neoprene vulcanizates show delayed stiffening on long exposure 
to moderately low temperatures (32 F). This stiffening is the 
result of crystallization of the elastomer. From a practical con- 
sideration crystallization is not as serious as it sounds because 
the vulcanizate returns to its original state when the ambient 
temperature is increased or when there is mechanical work done 
on the vulcanizate. Recent technological advancements in the 


AGING ON MECHANICAL PROPERTIES 


Resilience Fre- Static modulus, psi— Load at Effective Per cent 
Rieu A.8.T.M, at 20 percent quency, t At 20 percent dynamic Shear Per cent shear set 
peci- grade <—Cure— deformation, cycles O percent 20 per cent deformation, modulus, Creep, strain, relative (24-hr recov- 
men no, Min/deg F per cent per min deformation psi psi in. percent creep ery) 
Original shear characteristics 
Le SC-425 30/287 85 167 100 106 20 204 
ae 8C-425 80/307 83 159 102 95 20 180 
5. RN-530 15/287 90 161 121 125 25 231 
10 §8C-614 45/307 81 187 197 173 38 365 
Shear characteristics after a 3-year static-creep test (under a load in shear of 17.75 psi at 82 F) 
He 90 175 115 118 24 225 0.0675 34.7 81.3 18.4 
8-7 85 174 128 118 24 224 0.0366 28.6 39.2 13.5 
8-10 90 161 133 130 26 232 0.0315 24.0 43.3 9.5 
83 194 220 195 41 396 0.0092 14.5 19.9 6.0 
8. Shear characteristics after 3 years of aging in an unstressed condition at 82 F 
Ba 91 170 125 110 24 212 
8-7 82 183 115 118 22 246 
8-10 91 163 130 135 27 236 


No specimen available 
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processing of neoprene have led to a practical way of preventing 
crystallization (7). 

Although static-creep tests give valuable information, an ob- 
vious disadvantage is the fact that they are time-consuming, and 
technical advancement often results in a composition becoming 
obsolete before the testing is completed. This emphasizes the 
desirability for a more rapid method of testing the creep charac- 
teristics of elastomeric materials. Considerable experimenta- 
tion was carried out in the du Pont rubber laboratory during 
the past year for the purpose of developing a satisfactory dy- 
namic-creep test. Apparatus has been built and is in operation. 


ACKNOWLEDGMENT 
The author takes pleasure in acknowledging the important con- 
tributions of N. L. Catton and A. M. Neal of the Rubber Chemi- 
cals Division of the du Pont Company to the progress of this 
work. He is also indebted to M. A. Gass, who made most of the 
measurements. 


APRIL, 1946 


BIBLIOGRAPHY 


1 “Creep of Neoprene in Shear,’’ by F. L. Yeraley, Mechanica! 
Engineering, vol. 63, 1941, pp. 343-345. 

2 “A Mechanical Oscillograph for Routine Rests of Rubber and 
Rubber-Like Materials,’"’ by F. L. Yerzley, Proceedings of the 
A.S.T.M., vol. 39, 1939, pp. 1180-1188. 

3 “The Creep of Natural and Synthetic Rubber Compounds in 
Shear,’’ by S. H. Hahn and I. Gazdik, India Rubber World, vol. 103, 
1941, p. 51. 

4 ‘Synthetic-Rubber Mechanical Parts in Present and Postwar 
Vehicles,” by E. F. Riesing, presented at S.A.E. Meeting, Detroit, 
Mich., Jan. 8, 1945. 

5 “Effect of Elastomer Crystallization on Tests for Freeze Re- 
sistance,’’ by D. B. Forman, Industrial and Engineering Chemistry, 
vol. 36, 1944, p. 738. 

6 ‘Effect of Low Temperatures on Young’s Modulus of Elas- 
tomers,”’ by J. W. Liska, Industrial and Engineering Chemistry, vol. 
36, 1944, p. 40. 

7 ‘Freese Resistance of Neoprene GR-M,” du Pont Rubber 
Chemicals Division Technical Report BL-196, May 5, 1945. 


~ 
gee 
4 
j 
4 
4 
¥ 
« j 
4 

: 

; 


Fic. “Puasprec” 


Physical Properties of Resin- 
Impregnated Plaster 


By JOHN DELMONTE,! 


While development work on impregnated plaster bodies 
has been in progress for many years, it was not until 1945 
that the process was finally commercialized with low-vis- 
cosity furane resins, and extensive applications under- 
taken in the tooling field, and in general improvements of 
plaster-of-Paris patterns and forms. The impregnation 
of plaster of Paris with liquid thermosetting resins and the 
subsequent conversion of the product with heat, result in 
the formation of a material which has been called ‘Plas- 
preg.”’ In this paper the methods of producing this ma- 
terial, its physical properties, and applications are dis- 
cussed, 


HE impregnation of plaster of Paris with liquid thermoset- 
ting resins and the subsequent conversion of the product 
with heat results in the formation of an entirely new ma- 
‘erial of construction. The resinified plaster:body still retains 
the crystalline structural network formed on the hydration of 


‘ Consulting Engineer, Furane Plastics and Chemicals Company, 
Los Angeles, Calif., and Technical Director, Plastics Industries 
Technical Institute. Mem. A.S.M.E. 

Contributed by the Rubber and Plastics Division and presented at 
the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tue 
AMERICAN Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
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Biock Serves FoR LAMINATING PURPOSES 


LOS ANGELES, CALIF. 


2CaSO,.H,0, although considerably augmented through infusion 
with synthetic resins. In appearance and feel the impregnated 
plaster body resembles a cast plastic material more than it does 
the ordinary plaster-of-Paris bodies, though the improvements 
which are possible extend much further than the appearance, as 
all properties are greatly enhanced. ; 
While development work on impregnated plaster bodies has 
been in progress for many years, it was not unti) 1945 that the 
process finally became commercialized with low-viscosity furane 
resins, and extensive applications undertaken in the tooling field 
and in general improvements of plaster-of-Paris patterns and 
forms. While the range of usefulness of resin-impregnated plaster 
(Plaspreg) forms will be analyzed more completely later in this 
paper, it will suffice for the moment to point out that among the 
applications are master models built of plaster of Paris (weighing 
several hundred pounds) which have been rendered much harder 
and more permanent through proper impregnation of furane 
resin; dies for hydropress operation in forming sheet metal; 
Keller pattern and duplicating dies; core boxes for the foundry; 
forms for laminating polyester resins; contoured shapes for shap- 
ing acrylic plastics; and general improvement in properties of 
dozens of plaster-of-Paris patterns of industrial and decorative 
value. 


or APPLICATION 


The application of low-viscosity furane resins to the hardening 
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of plaster-of-Paris bodies is a relatively simple procedure. Plaster 
of Paris or “hydrocal” forms are prepared in exactly their usual 
manner, i.e., added to water in certain optimum proportions and 
then stirred and poured. Depending upon the grade of plaster, 
the forms set in approximately 15 to 20 min, reproducing with the 
utmost fidelity the finest details of the mold. The sections can be 
splash castings '/, in. thick or sections measuring several feet in 
thickness. The hydration process is an exothermic reaction and 
some heat is developed although temperatures seldom exceed 
50 C. After the plaster has firmly set, it may be removed from 
the mold. There is a considerable amount of free water present 
which should be evaporated for best results. This can be ac- 
complished by forced drying or leaving in the open for several 
days. Up to this point the process is standard practice in so far 
as the plaster industry is concerned, The next step is the appli- 
cation of low-viscosity furane resin which is applied by dipping, 
brushing, or spraying. The rate of resin diffusion is very rapid, 
and after thorough impregnation parts are generally cured at 
temperatures of 140 to 160 F. The final impregnated body is the 
entirely new struct4ral material which has proved so useful. 

The application of organic plastics to plaster-of-Paris bodies is 
not entirely a new idea, as coatings have been sprayed on the 
material for many years, largely to seal its surface or to apply 
some decorative finish. The writer first began experimenting 
' with the impregnation of plaster some 5 years ago and has suc- 
cessfully applied many types of thermosetting urea, melamine, 
phenolic, and polyester resins and thermeplastic resins. Some of 
the background leading to the development of furane-resin-im- 
pregnated plaster was described in a recent paper before the 
S.P.I. (1).? 

The final procedure selected for preparing Plaspreg involved a 
low-viscosity furane resin whose viscosity could be readily ad- 
justed to meet various application conditions, not by methods of 
diluting with solvents such as water, alcohol, or acetone, but 
through proper polymerization conditions. Thus a complete 
liquid resin capable of conversion to an infusible, insoluble body 
was developed exclusively for plaster-of-Paris treatment. 

A typicai application of furane-resin impregnation to plaster-of- 
Paris bodies is shown in Fig. 1 illustrating a die for laminating 
purposes. A polyester resin has been laminated about the im- 
pregnated form and cured at 250 F. The technique of plaster im- 
pregnation was suggested by the author in 1943 (2). Further 
work upon hydrocal was cited in a more recent publication (3). 
A further example of furane-resin impregnation is shown in Fig. 2. 
The many fine details made possible by this impregnation and 
curing process are emphasized. 


VARIABLES WHICH INFLUENCE RATE AND EASE OF IMPREGNATION 


Throughout all of the work which has been accomplished in the 
impregnation of plaster of Paris, it has become apparent that best 
results are obtained through infusion with low-viscosity resins 
into dry plaster-of-Paris bodies. There are several variables which 
will influence the rate and ease of impregnation. These are as 
follows: (a) Inherent resin viscosity in the absence of solvent; 
(b) relative porosity of the plaster structure, determined 
largely by the initial solids-to-water ratio; (c) temperature of 
the plaster-of-Paris body; (d) presence of impurities upon the 
surface. Inasmuch as the correct development of the physical 
properties of resin-impregnated plaster depends upon these vari- 
ables, they will be discussed briefly. 

(a) Resin Viscosity. The resin viscosity has a definite influence 
upon the rate of penetration into the plaster. The higher the vis- 
cosity, the higher is the molecular weight and the slower the rate of 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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penetration, The mobility of the resin and its ability to wet sur- 
faces are functions of resin viscosity and, due to the capillary 
nature of the diffusion process into plaster bodies, resin viscosity is 
most important. This fact is graphically illustrated in Fig. 3 
where the amount of penetration is plotted against time for differ- 
ent viscosities of the same furane resin. The much slower pene- 
tration rate of the higher-viscosity resins should be noted. Varia- 
tions in viscosity were achieved by polymerizing the resin to vari- 
ous degrees, otherwise the material is chemically the same. An- 
other interesting observation which can be made is that the rate 
of penetration approaches a constant value after a period of time. 

While the test method adopted precluded measurements o! 
penetrations much beyond 1'/; in., it will be noted that complete 
cessation of penetration did not occur. A relatively simple tecli- 
nique was devised in which the plaster of Paris was poured into 8 
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glass vial and then given an opportunity of thorough drying at 
low temperatures. Because of the slight expansion in setting, a 
tight fit was insured against the side of the glass vial. The pene- 
tration could be observed at the side of the glass vial and measure- 
ments made at frequent intervals. These checked completely 
with any observation upon samples cut open after different inter- 
vals of immersion in the resin. 

From the data accumulated it was possible to express the rate 
of penetration by the following equation: 


r= (, ) 


r is rate of penetration at any time 

ro is final steady-state penetration rate 

k constant, depending upon physical factors, such as por- 
osity 

t time 

u viscosity 


where 


Thinning the resin with low-viscosity. solvents does not produce 
increased rates of penetration of anything except the solvent, pri- 
marily because the plaster-of-Paris body will act as a filtering me- 
dium and separate the higher molecular-weight components 
from their carrier. This means that a thick resin, such as a phe- 
nolic casting resin, may presumably be thinned to a low enough 
viscosity for good penetration. However, during application only 
the solvent will penetrate, with the high-viscosity phenolic resin 
remaining near the surface. Other variable factors such as 
method of application of the resin impregnant, will influence the 
penetration of the resin. Brushing on the resin and keeping it 
in motion will aid penetration, 

(b) Porosity of Plaster. The porosity of the plaster has a defi- 
nite bearing on the amount of resin which can be absorbed. It is 
seldom possible to produce a workable mix of plaster and water 
with less than 60 |b of water per 100 ib of plaster. Of the water 
used, however, only 18.5 lb are required to set the plaster chem- 
ically and the balance of 42.5 lb represents free water. This water 
is evaporated or forced out by oven-drying, leaving voids to be 
filled by the resin impregnant. While the author has employed a 
number of water-soluble resins for diffusion into plaster, and in 
this manner obtained a good penetration followed by subsequent 
hardening, the total amount of resin pickup is obviously less than 
when a 100 per cent resin impregnant is employed for application 
toa plaster in which the free water has been removed. 

In Fig. 4 the relationship between the water and plaster ratio 
and the maximum theoretical pickup is illustrated (calculated on 
the basis of a 1.18 specific-gravity resin). The resin pickup is 
based on the total removal of free water after the cast has been 
made. In addition, the decrease in compressive strength of the 
plaster is illustrated, indicating that when large amounts of 
water are employed, the percentage of voids is greater and the 
effect upon the strength more pronounced. The values for com- 
pressive strength of the non-resin-treated plaster are obtained 
upon dry plaster which is appreciably stronger than wet plaster. 
At the same time, the compressive strength of resinified plaster 
is also illustrated. The reinforcing effeet of the furane-resin im- 
pregnant is quite apparent, as even low-density lightweight plas- 
ters are considerably improved. The same improvement is also 
noted if, during the process of drying or during use, some of the 
water of crystallization is removed. Resin impregnation over- 
comes weakness or loss of strength in plaster. 

To demonstrate the increased rates of resin impregnation for 
‘more porous plasters, a group of test specimens was prepared from 

100/60 (solid-to-water rat io) to a rate of 100/100. When these 
had been thoroughly dried of free water, resin-impregnation tests 
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were conducted and depth of penetration versus time observed. 
Averages of several test results are reported in Fig. 5 for a furane 
resin of initial viscosity of 2 to 3 centipoises. Viscosity measure- 
ments were conducted at 25 C, with a “Zahn” viscosimeter cup 
purchased from the General Electric Company. The increased 
rates of pe.etration for more porous plasters are readily indicated 
upon this curve sheet. 

The porosity may also be checked by the water absorbed and 
in some processes, such as pottery manufacture, this is an impor- 
tant procedure. Aside from this application, low water absorption 
is an asset. In resinified plaster, where voids are substantially 
filled with furane resin, water absorption is very low; less than 2 
per cent A.S.T.M. water absorption in 24 hr when properly pre- 
pared. Herein lies the utility of furane-resin-impregnated plaster 
tools and articles from a weathering standpoint; they are substan- 
tially more satisfactory than untreated plasters. Within a few 
minutes’ immersion, most plasters of the 100/plaster/60 H,O 
composition will have a water absorption of 25 per cent. Parts 
will deteriorate rapidly, while nonporous resinified plaster is 
infinitely more satisfactory. 


(c) Temperature of Plaster. While not of major consequence 
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the temperature of the plaster at time of impregnation will in- 
fluence the rate of penetration of the resin. By raising the tem- 
perature of the plaster it is possible at the time of resin applica- 
tion to obtain quicker penetration. From a practical point of 
view, as forms are removed from the drying oven they can be 
immediately treated with the resin impregnant without waiting 
for them to cool. In Fig. 6 is compared the rate of penetration 
of a 1 to 2-centipoise-viscosity furane resin at room temperature 
of 75-80 F, 135-140 F, and 180-185 F, respectively. The faster 
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rate at 185 F is immediately observed. After a period of time 
the higher temperature has a retarding action inasmuch as the 
resin impregnant begins to cure or polymerize, resulting in a de- 
crease in the rate. The plaster used in this experiment and others, 
unless otherwise indicated, is 100 solids to 60 parts of water. 

(d) Impurities on Surface. There are several types of surface 
impurities which may influence the rate of penetration of the 
resin into the plaster. This becomes of practical importance 
when, for example, treating large surfaces and uniform appear- 
ance is necessary. One of the more common surface imperfec- 
tions may arise from too liberal use of a parting agent in preparing 
plaster-of-Paris molds and patterns. Stearic acid is largely used 
for this purpose, as well as various soaps. These materials, if 
present, would restrict penetration of resin into the surface. 
However, if removed by light sanding or finishing operations 
upon the plaster surface, uniform pickup of tesin is assured. In 
applying furane resin to develop resinified plasters, these surface 
irregularities can be readily observed, and a few spots where an 
excess amount of lubricant is present may be easily detected. A 
light touch with very fine sandpaper eliminates this problem. 

Another type of surface imperfection finds origin in the mixing 
of the plaster. This imperfection is known to the plaster trade as 
a “hard spot.” It occurs, generally, on large smooth surfaces, 
particularly near sharp corners or edges where rapid drying oc- 
curs. The hard spots are due simply to portions of plaster not 
too thoroughly mixed with the balance of the batch. If this is 
the case, such that a higher solids-to-water ratio is present, the 
plaster will tend to be harder, and porosity a little less. Once 
again, however, light sanding over this region will make the pick- 
up of resin more uniform. 


AMOUNT OF RESIN REQUIRED 


While best physical properties are obtained upon fully impreg- 
nated forms, it is also feasible to consider surface penetrations 
of !/, to '/2 in. without necessarily going through several inches of 
plaster. For many contour blocks and tools this procedure has 
been followed for reasons of economy, and a good hard surface 
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obtained without full treatment of the plaster. The amount ap- 
plied may be controlled to some extent by the number of times 
the surface is gone over with a brush that has been saturated with 
liquid furane resin. Absorption of resin into the surface may be 
likened to the absorption of ink into a piece of blotting paper. 
Penetration takes place instantaneously upon the initial applica- 
tion, though at a slower rate after 10 or 15 min. 

While vacuum and pressure vessels have been employed to ob- 
tain even faster and more thorough penetrations, the entire pro- 
cedure is conducted at atmospheric pressure and temperature. 
When thin, low-viscosity resins are employed, the amount of 
build-up on the surface is negligible. However, when high-viscos- 
ity impregnating resins are employed, there is some build-up on 
the surface which must be wiped off before the part is cured. For 
greatest accuracy of dimensions this is quite important. Like- 
wise, obscuring of surface details is avoided, and the plaster-of- 
Paris part is unaffected in detail though materially improved in 
substance. 

For quick estimates of the amount of resin required to impreg- 
nate completely a plaster-of-Paris body, the article is weighed and 
approximately 40 per cent of its weight is prepared in impregnat- 
ing resin, The actual amount required depends, however, on 
how thorough a penetration is desired, how well the plaster has 
been dried, and the other variable factors previously described. 


CuRING IMPREGNATED PLASTER 


After the plaster has been properly impregnated, it is cured to 
develop optimum physical properties, which are consistently a 
300 to 400 per cent improvement over the straight plaster-of-Paris 
structure. The curing procedure does not invite any special com- 
plications, simply requiring placing the form in an oven and slowly 
raising the temperature to about 145-150 F. The rate at which 
temperature is raised or the rate at which it is lowered must be 
conducted, of course, with concern for thermal expansion and 
shrinkage characteristics, in order to avoid the development of 
internal stresses at any position such as may mark the meeting 
of a thick or thin section of material. 

While a very slight initial shrinkage may be observed, of the 
order of 0.05 per cent, the aftershrinkage of resinified plaster is 
negligible, and dimensions are held with utmost accuracy, This 
is a fortunate circumstance when considering the problems 
brought on by cast liquid resins, and the excessive shrinkage- 
they have incurred, even with a judicious selection of fillers. 
Even after prolonged heating at 185 to 190 F, the dimensions arv- 
unchanged in resinified plaster. 

At the same time these tests were made, the thermal-expansion 
coefficient was determined at 0.000022. This value approximate~ 
the expansion coefficient of aluminum alloys. This property ha~ 
been utilized to advantage in providing for localized reinforce- 
ment of resinified plasters at positions of high stress concentra- 
tion. The insertion of alummum-alloy strips or corners, folde« 
from sheet metal, gives the end product greater toughness where 
it is most needed. At first, this reinforcement may be viewed a~ 
an obvious procedure. However, the fact remains that cast plas- 
tics tooling has not been reinforced with metal strips because the 
plastics are too unstable and their aftershrinkage characteristic- 
would create conditions for internal stresses and ultimate crack~ 
in the casting. The complete absence of aftershrinkage in resini- 
fied plaster and the coincidence of identical thermal-expansion 
coefficients make a sound combination with aluminum alloy. 

In Fig. 7 are curves showing the attainment of cure conditions 
at different temperatures. There are two stages to the cure: 
One in which the impregnating resin takes a set and turns to # 
dark color and the other in which the strength is progressively 
increased. The criterion proving most useful for this work is the 
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value of compressive strength, measured upon I-in. cubes at 
frequent intervals during cure time. Impact-strength measure- 
ments run parallel to these. This set of results is also quite signifi- 
cant and explains in part why resinified plasters are much harder 
and more chip-resistant than unimpregnated materials. Of 
course, the values of impact strength indicated will not prevent 
the part from breaking, although there are various design princi- 
ples which can be followed to give improved results. These design 
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principles place emphasis upon generously rounded corners and 
ample sections of materials to withstand load conditions. Im- 
pregnated plaster is not flexible, as the modulus of elasticity is 
quite high and hence when loaded, as in the application to a 
hydropress forming operation, the base should be perfectly flat 
and preferably mounted upon a true surface without any “‘bowing”’ 
before load is applied. 

Additions of various fillers to the plaster composition to achieve 
even higher impact strength, will be discussed later in this paper. 
Comparative physical properties with various methods of rein- 
forcement will also be outlined. 


TEMPERATURE STABILITY 


One of the most important gains registered in furane-resin-im- 
pregnated plasters over unimpregnated plaster is improvement 
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in temperature stability. This has already been indicated in part 
by pointing out that the material has a negligible aftershrinkage. 
The study, however, goes deeper than that and in two respects 
resinified plaster is far superior to ordinary plaster: 

| Maximum contiguous operating temperature which it will 
withstand without suffering any permanent change in physical 
properties is in the neighborhood of 180 F. This value is appreci- 
ably more than straight plaster, the temperature limit of which is 
about 120 F, because above this it loses water of crystallization 


and strength. Likewise, the liquid casting resins have temperature 
limits of about 140 F or thereabouts, because at higher degrees 
they shrink too excessively. 

2 The maximum temperature at which resin-impregnated 
plaster can operate continuously and still be stronger than the 
initial plaster, is about 250 F. Above 180 F the strength may 
fall off slowly to a certain level and then stop, although it will be 
stronger than the original plaster of Paris. This has been quite 
important to foundry work where plaster forms and core boxes 
have not been considered because of the rapidity with which they 
lose strength when raised in temperature. 

The permanency of the physical properties of resin-impreg- 
nated plaster is indicated by the retention of its strength over a 
long period of time. Impregnated bodies prepared a few years 
ago test as strong as when they were first cured. To accelerate 
the aging of .resinified plaster, a constant-temperature oven at 
185-190 F is employed and compressive strength is observed 
after various intervals of time. Typical results are shown in Fig. 
8. For purposes of comparison, straight plaster has also been 
tested. The loss in strength of plaster is due to loss of strength on 
removal of water of crystallization at high temperature. 
tion of strength after exposure to high temperatures is indicative 
not only of the permanency of the materials, but also of operating 
temperature limits. As is the experience with most thermosetting 
plastics, short exposures to high temperatures in excess of continu- 
ously operating temperature limits will not be damaging. 

Limiting factors in the temperature resistance of resinified 
plaster are (a) the loss of water of crystallization, and (b) the 
temperature limits of the furane-resin polymer, which lie about 
250-300 F. Further improvements in temperature stability can 
be realized by substituting an inert filler such as powdered silica 
for part of the plaster of Paris. This can be accomplished without 
weakening the total cured structure. 


teten- 


CHEMICAL RESISTANCE 


The chemical resistance of furane-resin-impregnated plaster is 
much more satisfactory than is that of untreated plaster. Water- 
absorption tests at room temperature are shown graphically over 
a long period of time in Fig. 9. Not only is water absorption 
greatly reduced because of the presence of furane resins to fill the 
voids, but furane-resin solids (100 per cent) show an A.S.T.M. 
water absorption of less than 0.05 per cent in 24 hr. In Fig. 9 
sanded surfaces are compared with polished surfaces. For maxi- 
mum weather protection, resinified-plaster toolings are polished or 
rubbed by hand with a wax suitable for finishing purposes. This 
will enable parts to be stored in the open, whereas in the past plas- 
ter has fallen apart or was seriously weakened by such exposures. 
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Strong acids and alkalies affect resinified plaster only slightly, 
whereas they cause untreated plaster to decompose. As evidence 
of their good chemical resistance, various resinified plaster parts 
have been electroplated after first applying a thin high-polymer 
film, followed by stannous chloride and then a silvering solution. 

For general chemical and temperature resistance, the parts 
shown in Fig. 1 illustrate the utility of resinified plasters as tool- 
ing for low-pressure laminating. The service life of plaster parts is 
increased quite appreciably owing to the much higher strength. 
In addition, forms are rendered quite impervious to various poly- 
ester resins which must be cured at temperatures as high as 300 
F. In the illustration shown, XRS-16631 served as the laminating 
resin for glass cloth which was cured under vacuum pressure. 
A vinyl-resin lacquer provides a good release agent for the parts 
in question. 

In another important laminating problem for complicated 
ducts for aircraft, a removable core of plaster was necessary for 
each operation, requiring breakage to take the piece out. The 
plaster cores did not possess sufficient strength to stand up under 
the laminating operation, although the problem was solved by 
subsequent treatment with furane resins. By impregnation they 
acquired sufficient strength to withstand the pressure of the lam- 
inating operation. A number of air ducts for fighter airplanes was 
produced in this manner. 


PuysIcaL PROPERTIES OF RESINIFIED PLASTERS 


The discussion so far has centered upon furane-resin-impreg- 
nated plaster of Paris. Results are even more noteworthy when 
various fibrous reinforcements are included in the plaster. Long 
fibers such as hemp or sisal fiber have been known to strengthen 
plaster patterns and tooling. They likewise add considerably to 
the strength of the resin-impregnated plasters. Glass flock, in 
particular, is effective in forming a strong and tough body which 
can take much mechanical abuse, and its introduction into plaster 
before impregnation is an important step. 

In Table 1 some of the physical properties of furane-resin-im- 
pregnated plaster are noted. 


TABLE 1 PHYSICAL PROPERTIES OF RESINIFIED PLASTERS 
Unimpregnated  Resinified plaster 
Material plaster no filler 
Property: 
Ompressive strength, psi.......... 1500-1800 7500-8000 
Flexural strength, psi.............. 400-500 2500-3500 
Impact strength, Charpy unnotched, 
Water absorption, per cent in 24 hr. 35 2 


All of the physical tests followed the applicable A.S.T.M. stand- 
ards with the exception of compressive-strength tests which em- 
ployed 1-in. cubes instead of '/:-in. cubes. The unimpregnated 
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plaster and resinified plaster contained 100 parts of solids and 60 
of water at the time of preparation. Materials were dried at 
room temperature for 3 or 4 days and then overnight at 140 F, 
to remove all traces of free water. They were impregnated with 
low-viscosity resins and cured about 48 hours at 150 F. 

In conclusion, it appears desirable to sum up some of the ad- 
vantages and disadvantages of resinified plaster. It represents 
the application of a new thermosetting resin, the 100 per cent fur- 
ane resin, into the plastics picture and the development of a new 
and important outlet for plastics in the ceramics industry. A 
new, low-cost tooling material with negligible shrinkage has made 
its appearance. 

The advantages of resinified plaster are as follows: 

Low Cost. Resinified plaster is prepared from a low-cost base 
material, plaster of Paris, which costs about 1 cent per lb. When 
fully impregnated, the cost of the treated plaster is appreciably 
less than that of a thermosetting cast-phenolic resin. 

Ease of Fabrication. From the standpoint of ease of fabrication 
and workability, plaster has few equals. In the resin-impregna- 
tion process, plaster of Paris or hydrocal tools, forms, or patterns 
are prepared in their usual manner and set at room temperature. 
A very stable structure is prepared with simple tools. Upon res- 
inifying and hardening, this form is rendered permanent. 

Physical, Chemical, and Thermal Properties. These properties 
have been vastly improved over the straight plaster, placing fully 
resin-impregnated plaster in the same class as liquid-cast resins, 
with the important.advantage of zero aftershrinkage. 

Applications. No form is too small or section too big to be 
handled by this process. Resin penetrations up to several inches 
have been accomplished at room temperature and atmospheric 
pressure. Wherever plaster is used resin impregnation may be 
applied to convert these articles to permanent, stronger materials 
of construction. 

The disadvantages of resinified plaster are as follows: 

Drying. For best results the plaster forms should be thoroughly 
dried out. This necessitates an additional step in preparing plas- 
ter and lengthens the time lapse before the tool can be used. 

Breaking. While all properties are improved some 300-400 per 
cent, furane-resin-impregnated forms can still be broken, and 
one should not expect the treatment to convert plaster into a 
rubberlike, unbreakable material. 
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The Control of Fouling Organisms 
in Fresh- and Salt-Water Circuits 


By JOHN G. DOBSON,' SHORT HILLS, N. J. 


The difficulties encountered by industrial water users due 
to fouling organisms are discussed. To control such foul- 
ing, a knowledge of the organism’s life cycle and reactions 
to stimulus is necessary. Typical mollusks, Bryozoa, 
sponges, barnacles, and tunicates are considered. Their 
control can be effected by heat, change of salinity, change 
of oxygen content, increased velocity, acids, antifouling 
paints, screening and poisoning with a number of different 
poisons. It is concluded that chlorination is the most ef- 
fective and economical of these methods justifying itself 
in most plants by improved heat transfer alone. Factors 
to be considered in designing water systems that may foul 
are also outlined. 


INTRODUCTION 
EXAMPLES OF PROBLEMS 


HE growth of marine macroorganisms, both plant and 

animal, has been a continuing source of difficulty to power 

stations, oil refineries, and other users of industrial water. 
Although much has been written concerning accumulation of 
microorganisms of the capsulated and slime-forming types on 
heat-exchanger surfaces with attendant reduction of heat-trans- 
fer efficiency (1, 2, 3),? little has been published on the growth 
and control of the macroorganism in closed water circuits. This 
paper deals with those fouling organisms visible to the naked eye 
which cause industrial difficulties. 

One of the more important, although perhaps the least obvious 
of the difficulties resulting from fouling by the larger aquatic 
organisms, is the reduction in the carrying capacity of a pipe line 
by reduction of the Hazen and Williams coefficient and also by 
actual reduction of the pipe-line diameter. In addition to some 
fresh-water grasses and mats of fresh-water algae in the sunlit 
portions of the water conduits, the most common organisms re- 
sponsible for this blocking of fresh water lines are the Bryozoa, 
notably Pectinatella magnifica, and the sponges. In salt-water 
or brackish-water lines, the various hydroids and Bryozoa, as 
well as Mollusca and Tunicates, are responsible for such reduction. 

Sponges, both of the calcareous and of the siliceous or fiber types 
have been responsible for occasional fouling of pipe lines. In one 
southwestern city the Hazen and Williams coefficient has dropped 
from 145 to 94.5 on a 60-in. iron pipe line due to sponge accu- 
mulations. Occasionally large cast-iron pipe lines have become 
almost completely blocked with various Mollusca, notably 
Mytilus edulis and Pecten latiauratus in salt-water circuits and 
various Dreisseniidae in fresh-water circuits. As much as 266 
tons of shells have been removed yearly from the circulating 
tunnels of one New England power station. Another station 
has an accumulation of dead shells 3 ft to 6 ft deep in a tunnel 
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with a 6 X 11-ft cross section and 400 ft long. Figs. 1 to 4 
inclusive, illustrate conditions in a tunnel on October 1, 1945. 
The tunnel walls and floors had been made broom clean by scrap- 
ing 4 months before. Where salt water is used in fire service, 
these same organisms have not only reduced carrying capacity of 
the line, but shells loosened by sudden rush of water due to fire 
demands have blocked valves, hydrants or other irregularities, 
and have completely shut off water supplies with disastrous re- 
sults. 

Similar difficulties have been encountered where salt water is 
used for displacement of gasoline or fuel oil from underground 
storage. 

Sea-going vessels in harbor waters of temperate climate and 
most tropical waters have had fire and flushing lines clog with 
marine growths. 

Growths, particularly of shelled organisms, continue to enlarge 
until their exposed area becomes so great that they are torn from 
their moorings on the pipe line and are swept into screens, tube 
sheets, or pumps. In one Gulf Coast refinery, Bryozoa so blocked 
the tube sheet of divided water-box condensers that the pressure 
from circulating-water pumps burst through the dividing wall 
and forced whole sections of the refinery “off stream.” 

When the lines or tunnels serving shell-and-tube or surface 
condensers become fouled with these organisms, additional 
difficulties are encountered. After the organisms break off or 
die, the shells float up with the circulating water. Many sea- 
board stations and some stations using river and lake water have 
had to shut down entire turbogenerator units two or three times 
a day to permit removal of shells that are blanketing the tube 
sheets. Some shells in these cases are sure to enter the tubes 
and cause high impingement velocities with attendant erosion and 
reduction in tube life (4). 

The presence of macroorganisms, as well as that of micro- 
organisms on the surface of metals, cause differential cells and 
attendant corrosion (5), particularly of steel materials. Attacks 
on nonmetallic structural materials also occur (6). 


MECHANICS OF FOULING 


The exact mechanics of fouling have been studied to only a 
limited extent. Most of the work has been done on smooth 
metal or glass plates simulating conditions on a ship’s bottom. 
The first organisms to attach to a newly immersed plate are the 
unicellular capsulated bacteria, Fig. 5. Whether these organ- 
isms attach first merely because of their rapidity of growth, or 
whether they form a necessary footing for other larger organisms 
is not clear. 

Some “conditioning” of a surface has been thought necessary 
before fouling begins, even in the case of natural rock (7). This 
“conditioning” apparently consists of a roughening of the surface 
and possibly the elimination of the material being leached from 
the surface. 

After that period of “conditioning,” first one and later other 
organisms may become predominant (8). Eventually stable 
conditions result (9). 


History or CoNTROL 


Early recorded experimental work (10) covering control of 
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Fic. 1 Bar Rack 


(The rack had been completely cleaned of all growth 2 months before this 
view was taken. 


Fic. Pump-Suction Bett 1n Same TUNNEL as Fic. 2, Witn 
LaRGE GROWTH OF MyYTILUS 


(These mussels are already large enough to blanket tube sheets if they break 
off in mats or to lodge in a tube if they break off as individuals.) 


fouling organisms in closed water circuits was begun when 
the consulting-engineering firm of Kennedy and Donkin was 
commissioned early in 1919, by the Electricity Committee of the 
Edinburgh Town Council to make recommendations regarding 
the control of marine growths in the circulating tunnel of the 
Portobello Generation Station, which was then in process of de- 
sign. 

The investigators studied various control methods which had 
been previously attempted. One private firm at the Leith Docks 
had attempted to control mussels by annual flushings with high 
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Fic. 2) or CONCRETE TUNNEL 
(The luxuriant growth of Tubularia crocea is 7 in. long and some of it has 


already dropped off and decomposed on the tunnel floor in the 4 months since 
the last cleaning.) 


Fic. 4 Crose-Up or tHE SaMe Pump a8 Fic. 3 


(The area at the right has had the mat of mussels torn off to show depth of 
growth. The hand merely indicates dimension.) 


concentrations of sulphuric acid. This control was partly suecess- 
ful but severe corrosion resulted. Others had attempted annual 
or semiannual cleanings of inlet pipes by use of tight-fitting balls 
and other cleaning implements being dragged through tunnels; 
but several pipe lines were severely damaged. At Portsmouth 
an electrically insulated pipe line had been freed to some extent 
of mussels by using electrical discharges between the pipe and a 
central electrode. 

Screening to prevent the entrance of small organisms, the use 
of various antifouling paints, and the use of various mechanical 
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cleaning methods, were considered and rejected as impractical. 
Chemical means were then attempted. 

It was found that sulphuric acid in concentrations of 1 part in 
10,000 was unsuccessful; that the larger mussels, after immersion 
in fresh water even for as long as 120 hr, were unaffected. 

Experiments were then tried with heated water. 
removed from sea water at 69 F and placed in salt-water tanks 
which were gradually heated. Selective killing occurred above 
100 F during immersion periods of 25 to 50 min. All mussels 
failed to revive when returned to normal sea water, after immer- 
sion at 106 F for 22 to 63 min. 

Based on these experiments, it was recommended in 1921 that 
the Westbank Station of Portobello be built so as to permit 
the reversal of flow in the condenser cooling waters, and that that 
reversal be carried forward at about 4-week intervals. It was 
also recommended that during this reversal period, the circulat- 
ing water flow be throttled so as to increase the water temperature 
on the exit of the condenser to at least 110 F. 

Various other attempts were made in the sueceeding decade to 
obtain satisfactory chemical methods of control. These were 
summarized by the British Electrical and Allied Industries Re- 
search Association (11) in 1929. Apparently based on ab- 
Stracts, the author reported successful control of marine growths 
by use of chlorine. The major paper upon which the author 
relied (12) had merely suggested that since chlorination would 
kill slime-forming and other microorganisms, and since these 
organisms were the food for mussels, chlorination might control 
Mytilus edulis, No experimental work had been done and since 
we now know that Mytilus edulis does not require living organ- 
isms for food, the hypothesis was unsatisfactory. 

A German professor (13) has been widely quoted as reporting 
Successful control of the fresh-water mussel Dreisseniidae poly- 
morpha in the flumes of a powerhouse on the Glambacksee near 
Berlin. His report in 1921 indicated that the larvae of this 
organism died in the laboratory under chlorine dosage but appar- 
ently no unchlorinated control was used. No plant-seale work 
had been carried out. Some confirming laboratory work was 
done in Germany in 1929 (14). Similar discussions of the use of 

chlorine were later published (15, 16). 

The first work in this field in the United States was started 
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under the direction of W. J. O’Connell. In 1924 experimental 
werk on intermittent treatment of condenser cooling water for 
the control of slime-forming microorganisms in cooling-water 
systems had begun in co-operation with Commonwealth Edison 
Company of Chicago, and the first plant-scale experiments of 
such intermittent treatment were tricd at the Kearny Power 
Station of the Publie Service Electric and Gas Company of New 
Jersey. The extension of this work to the control of marine 
growths was started in 1929, at the Northport Station of Long 
Island Lighting Company with the co-operation of L. H. Curley. 
The work there and at Corpus Christi indicated that it was 
possible, by intermittent chlorination, to eliminate completely 
the growths of the grasses and higher algae, and to reduce effee- 
tively the growth of bivalve forms. However, at that time 
eliminations of the order of 99 per cent were not attempted. 


TYPICAL ORGANISMS 


The life history, method of reproduction, food, responses to 
various unfavorable environments, and living habits of fouling 
organisms must be thoroughly understood before any intelligent 
plan can be suggested for their control. It is impossible to cover 
the wealth of material that is available about all the fouling 
organisms, but representative types can be discussed. However, 
before commercial installations are started, details recarding 
the organisms responsible for the particular fouling should be 
known. 

Luckily for the engineer interested in controlling such growths, 
very few of the approximately 822,000 invertebrate animals 
which have so far been described by the biologists, cause fouling 
difficulties, 


Tue 


Of the fouling organisms, the members of the phylum Mollusca, 
which includes the snails and other single-shelled Gastropoda; 
and the clams, oysters, mussels, and other bivalve or two-shelled 
Lamellibranchiata are the most troublesome. Mytilus edulis, or 
the edible or black mussel, is probably the most common fouling 
mollusk throughout. the world. This organism has been re- 
sponsible for most of the fouling difficulties in the British Isles 
and along the North Atlantie coast of the United States. The 
closely related Mytilus californianus has been responsible for 


Fic. 6 Hyproips GrowinG 1n Low-VeE.Lociry AREA OF A TUNNEL 


(Young mussels appear at right: dead mussel shells in upper left-hand 
corner.) 
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much of the fouling difficulties which have occurred along the 
western coast of the United States. 

The black mussel (17) is familiar to all who have frequented 
any rocky coast of the northeastern United States. The shell is 
wedge-shaped, pointed in front and round behind; black or dark 
brown outside with indistinct circumferential growth rings 
around the shell. The interior of the shell is pearly with violet 
margins. Shells vary in length to a maximum of about 4in. Its 
life history is typical of many other of the fouling invertebrates 
(18). Other Mytilus have nearly identical life cycles. The 
sexes are separate, but one individual may be male one year and 
female the next. The eggs and sperm from near-by individuals 
are discharged almost simultaneously and the eggs are fertilized 
in the open water. The sperm has only limited range of locomo- 
tion (19). An average female discharges from 5,000,000 to 
12,000,000 eggs although a female 3'/; in. long may release as 
many as 25,000,000 eggs. Cell division begins immediately after 
fertilization and is completed within 20 min. The first cilia begin 
developing at the end of 4 hr (based on 68 F sea-water tempera- 
ture), and at the end of 5 hr the embryo is completely free-swim- 
ming. 

Development continues and at the end of 24 hr the organism 
is a very active swimmer; and by the end of 40 hr the complete 
digestive tract and the glands for forming the shell are becoming 
evident. At the end of 44 hr the organism has attached to some 
stable hard material such as rock, concrete, glass, rubber, or 
similar solid support, and has begun to develop the first single 
shell. At the end of 69 hr the elementary single shell or prodis- 
soconch has completely enclosed the fleshy portions. The 
organism is still capable of rapid swimming and is able to crawl 
on solid surfaces, vertical walls, and the tops of horizontal tun- 
nels, Some time later the true bivalve shell or dissoconch de- 
velops. Contrary to popular belief, the organism, which is now 
attached by long clear threads, known as byssus threads, (20) is 
still capable of motion, and if conditions of poor feeding, inade- 
quate oxygen supply, or mechanical or chemical irritation de- 
velop, the organism will break the byssus threads from their 
point of attachment and crawl by a “foot” which projects out of 
the shell near the hinge. Such ‘walking’’ is similar to the loco- 
motion of the familiar terrestrial snail. The mussel can also 
move by secreting new byssus threads and breaking off older ones. 

The greatest growth rate occurs when the organism is com- 
pletely submerged at all times, although under natural conditions 
predatory fauna may reduce the number of organisms below the 
low-water line (21). 

Under normal conditions the adult M ytilus edulis will leave the 
shell open about 15 to 20 deg, the cilia on the mantle will vibrate 
rapidly and water containing food will be forced through the 
digestive tract. This flow of water amounts to about 10-20 gal 
per day in a specimen 2 in. long (22, 23) and seems to be constant, 
provided the organism is not irritated. This water circulation 
is called “drinking.” The rate of digestion, on the other hand, 
seems to vary with metabolism demands. The shell remains 
open about three quarters of the total time in a temperature 
range of 31 to 77 F (24) without any variation with temperature. 

As the water is circulated through the digestive tract any sus- 
pended solid matter adheres to the mucus surfaces. Digestive 
juices then digest such material as is usable for food, and this is 
assimilated. The balance is excreted as fecal pellets. By this 
process, mussels are capable of clearing cloudy and turbid water. 

The exact nature of the food requirements is still little known. 
It was originally believed that living microorganisms mostly 
diatoms and algae, Fig. 7, were required, and they undoubtedly 
make up a large part of the natural food (25, 26). Robinson (12) 
based his theory of killing of mussels on this postulate. However, 
more recent work has indicated that while organic matter is 
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necessary as food, decaying animal and vegetable material is as 
efficient as living organisms (27, 28, 29). It is known that 
domestic-sewage pollution, provided continuous anaerobic condi- 
tions are not set up, encourages growth. 

Each species has its own preference as to conditions of light. 
The author has repeatedly placed Mytilus edulis and Modiolus 
modiolus in equal quantities in adjoining and connected cells, one 
light and the other dark. Marked migration of Mytilus edulis 
toward the dark and Modiolus toward the light is always noticed. 
Mytilus grows three times as fast in total darkness as in sunlight 
(30), although a weak light may be still more favorable. Opti- 
mum growth occurs at 50 to 68 F, and is seriously inhibited by 
heating for even a few minutes a day (31). 

If any unfavorable conditions develop or anything disturbs 
the organism, the shell will close within a fraction of a second and 
only after an extended period will the mussel open the shell 
slightly and “drink” very cautiously. This ability to close its 
shell tightly makes all adult Lamellibranchiata very difficult to con- 
trol. All mussels have a cushion pad which forces the shell open 
as soon as the adductor muscle is out or relaxed. Therefore a 
gaping shell can be considered as a sign of damage to the organ- 
ism. 

Pecten (scallops) (32) are not usually responsible for fouling, 
but Pectens latiauratus, which attaches with byssus thread re- 
duced an 18-in-diam cast-iron line serving a South Carolina 
power plant to 6 in. in about 12 months. 

The various fresh-water mussels have a life history similar to 
Mytilus edulis. However, important differences exist. Instead 
of releasing single-celled eggs, the adult female permits the eggs 
to be fertilized while still within the mantle, and free-swimming 
“glochidia” about 0.014 in. diam are released (33). A parasitic 
period on host fish is necessary before metamorphosis into shelled 
forms can take place. Dreisseniidae is limited in range to fresh 
or brackish water of less than 1 per cent salt content (34). 

Dreisseniidae is similar in appearance to Mytilus edulis but 
lacks the pearly shell interior. The organism is common in 
Germany, having been responsible for actually shutting down a 
power station on the Glambacksee with a 12-in-thick growth on 
tunnel walls (13). The American oyster (Ostrea virginica) is 4 
cummon Mollusca responsible for severe fouling of power inlets on 
our South Atlantic and Gulf coasts, where it is easily recognized 
by its rough shell and white interior. Its life history, together 
with that of its European cousin (Ostrea edulis) has been carefully 
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studied because of its importance in the culture of oysters for 
food. Its life history is similar to the edible mussel (35). How- 
ever, its spats are apparently considerably more*delicate. The 
period of pelagic or larvae life varies from 13 to 17 days (36), de- 
pending upon temperature. The spat prefers a dark place to 
settle, and metamorphosis can be delayed by failure to find a 
suitable resting place (37). Spawning can be stimulated out of 
season by raising the water temperatures from 82 to 86 F (38). 
It can be induced by the presence of eggs or sperm in the water, 
not only of its own specie but those of other mollusks, or by 
various chemicals (39). The season of normal spawning varies 
with location, being from April to June in some eastern United 
States waters and from July to August in others (40). In Den- 
mark it occurs from late May to mid July, while in Holland 
spawning occurs in September. 

The daily rate of growth varies with age of the organism and 
water temperature, but does not vary with the actual size of the 
organism (41). 


THE SPONGES 


The sponges (Porifera) are the simplest of the fouling macro- 
organisms. <A “sponge,” as normally seen with the naked eye, is 
a colony of individuals with the large number of “pores’’ on the 
outer surface. Through these pores, water containing food ma- 
terial is circulated by flagella, and as it passes through the cloacal 
cavity, exposed cells absorb food material and transmit it to 
near-by cells. No truly “specialized” organs exist. 

Reproduction is by three separate and distinet. methods, i.e., 
by budding, by the formation of gemmules, and by sexual meth- 
ods, 

Budding takes place within the organisms and results in a’ 
single “sponge’”’ increasing in size or even dividing, but does not 
permit the formation of new groups at a distance from the pre- 
vious place of attachment. 

The formation of gemmules is similar to a formation of “spores” 
in microorganisms. A living cell migrates to the center of the 
colony and is covered with a capsule secreted by the adjoining 
cells. When unfavorable conditions of temperature (in fresh 
water lakes) or dryness (in tropical lakes) occur, these dormant 
forms resist those unfavorable conditions and upon the return of 
conditions conducive to development, burst the capsule and 
begin development of a new sponge. 

Sexual reproduction is in the main responsible for the develop- 
ment of new colonies. “Some sponges are hermaphroditic, 
others are unisexual. No special sexual organs are present, the 
ova and sperm developing from ... the inner cells .... The 

. egg develops into a ciliated two-layered larva which swims 
actively about in the water, which finally attaches itself and, 
after metamorphosis, develops into the adult animal’’ (42). 

It is during the larva stage that the sponge is most vulnerable 
to attack by poisons. They are relatively sensitive to changes 
in pH (48). 


Tue Bryozoa 


The Bryozoa, or Polyzoa as they are called in England, are 
minute colonial animals that are often confused with seaweed and 
sponges both by the layman and the early naturalists. There 
are about 3000 marine species and 35 fresh-water species. Upon 
first examination, they may appear as red or white encrusting 
patches, as groups of dead sticklike organisms, brown or purple 
in color, projecting from a rock or as branched sticks with plumed 
ends (Plumatella). The familiar jelly balls in fresh-water lakes 
(Pectinatella) are also Bryozoa. 

Each colony or “zoarium’’ increases in size by budding. Sexual 
reproduction also takes place; the eggs and sperm being released 
into an inner cavity and developing to a larva stage there. The 
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larva are released either through special openings or by the death 
and disintegration of the parent. Other specie (notably the 
fresh water Plylactoloemata) are capable of forming “‘statoblasts” 
to resist unfavorable conditions similar to those developed by 
sponges. 

Statoblasts of Pectinatella magnifica can endure much drying 
but not absolute desiccation. They are not harmed by brief 
exposure to temperatures as low as 31 F and as high as 130 F; 
while the adult form or “polypids” survive only in a range of 
50 to 104 F (44). The statoblasts of fresh-water Bryozoa usually 
germinate at 62 to 66 F. These statoblasts not only provide a 
means of surviving unfavorable conditions, but also provide 
a ready form for transportation by wind and birds. 

Grave (45) has reported on the development of Bugula 
flabellata, one of the common Bryozoa on the New England 
coast. The breeding season at Woods Hole, Mass., extends from 
June 10 to November 15. The young are expelled from the 
colony as swimming embryos. After a free-swimming period of 
4 to6 hr, the larva attaches, profound metamorphosis takes place 
involving the loss of some larva organs, and the colony begins 
development. At the end of a week the colony has increased by 
budding to 8 or 10 individuals, at the end of 2 weeks to 100 individ- 
uals, and by the end of a month the colony is half grown and has 
reached sexual maturity. Colonies 1'/: to 15/, in. diam are able 
to hibernate successfully and resume growth in early May. Even 
more rapid growth occurs in South Atlantic and Gulf Coast 
waters where the time from first infection to serious difficulty in 
industrial water circuits may be only a matter of weeks. Colonies 
of Bugula neritina grow as long as 4 in. at Beaufort, N. C. (46). 
Many fresh-water Bryozoa flourish in dark as well as light, and 
cause serious fouling in water mains (47). 


THe BARNACLES 


The barnacles are probably the best known of the fouling 
organisms, since they have been responsible for most of the 
serious fouling of ships’ bottoms. Because of their hard shell with 
several parts and because they seemed to “drink” like the 
mollusks, they were so classified by the early zoologist. J. V. 
Thompson in 1830 was the first to show definitely that they were 
Crustacea, closely related to the crayfish, lobster, and soft-shelled 
crab. Darwin (48) in 1850, made an extensive study of the 
group (49). 

Moore (50) on the Isle of Man and Grave at Woods Hole, 
Mass. (51), among others, have made extensive studies of the 
barnacles. They are mostly hermaphroditic but in a few cases 
are unisexual, Some species have a male form which is very tiny 
and lives parasitically within the Shell of the female. 

The eggs (52) are held within the mantle cavity and the 
larvae are released as free-swimming forms after hatching. The 
“nauplei’”’ changes form slightly with each moult into forms 
known as “meta-nauplei,’”’ and then metamorphoses into an en- 
tirely different type of organism known as the cypris larvae or 
the “cyprid.” This later stage lasts from 7 days for B. amphitri 
to two weeks for B. balanoides. During this stage the cyprid 
swims with a sudden backward motion of the appendages. The 
barnacles then settle down on a suitable place of attachment and 
begin to undergo a second metamorphosis and form a shell. 
Actually the organisms will make several attempts to find a 
suitable place to attach and if the one selected is not satis- 
factory the barnacles will break away even after they have 
become partially attached. After finally reaching a suitable 
place, some small motion in an area of about '/: in. is still pos- 
sible (53). 

“In immature barnacles tissue growth continues throughout 
the year but is most rapid in the spring and autumn. In mature 
barnacles there is a sharp drop in growth rate during the summer 
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and a slight one during winter associated with the development 
of the larva.” In exposed places, below mean-tide level, the 
Chthamalus reach sexual maturity in the first year and die in 
their third year. In less exposed places, the organisms reach 
sexual maturity in their second year and die in their fifth year 
(54). 

The spat will choose its resting place partly on the basis of 
light intensity, apparently making a choice of optimum light, 
shying away from too bright and too dark places. The organism 
apparently can only distinguish light from dark areas. Light 
has also some control on growth (55, 56), and the adult organisms 
will close their shells when a shadow passes over them (57). 

Barnacles also react to changes in potassium (58), alcohol (59), 
carbon dioxide (60), calcium (61), salt-water dilution (62), strong 
electrolytes, urea, glucose, and glycerol (63). 


Tue TUNICATES 


The highest organisms responsible for fouling .in industrial 
plants are the tunicates. They represent a “subphylum’”’ of the 
phylum Chordata to which also belong the vertebrates including 
fish, mammals, and man. They derive the name from their thick, 
hard, cellulose coating and are one of the few animals capable of 
synthesizing cellulose. 

Of these, one of the most common is Molgula manhattensis. 
It consists of a brown sac with two distinct openings at the end of 
noticeable tubes. While the individual organisms are only about 
1 in. in diameter, they form large colonies which break off in 
mats from tunnel walls and often blanket tube sheets. It is also 
not uncommon, for example in the Kill Van Kull off Staten 
Island, for these mats to be broken off by wave action and block 
inlet screens and sometimes even bar racks. Related specimens 
with nearly clear tunics have been clogging powerhouse screens 
in Stamford, Conn., harbor. They are commonly called “squirt 
balls” because of the habit of ejecting water from their body 
cavity sometime after they have been lifted from water. 

The life history of the Molgula manhattensis has been carefully 
studied by Berrell (64). Eggs of about 0.006 in. diam are released 
in the water and fertilized there. The time taken from fertiliza- 
tion to hatching varies with temperature, being approximately 
120 hr at 46 F, and 40 hr at 62 F. The hatched egg yields a 
“‘polliwog”’ which is free-swimming with an active tail. The 
tunicates have a heart, elementary circulatory system, digestive 
tract, liver, a nerve cord, and a gangula which is an early form 
of the brain. After a period of 160 to 450 hr, which period de- 
pends on CO, content of water, salinity, pH, and temperature, 
the “polliwog’”’ attaches to rock, inlet tunnel or tube sheet, or 
other structure, with three sticky tentacles and begins a retro- 
gressive metamorphosis. Powers of locomotion are lost, the 
existing digestive tract disappears, and a new one begins to form 
on the remaining portion of the animal. 

Even this high animal can reproduce by “budding” and thus 
form extended colonies. In order to attain maximum efficiency 
in control of tunicates, control methods must be timed to attack 
the organism during the early active larvae stage or during early 
metamorphosis, before the larvae alimentary canal, through 
which both food and oxygen are absorbed, is eliminated from 
use. 

Al arge number of standard zoological texts, as well as special- 
ized books and articles, give further details on the life history of 
the fouling and related organisms. Pratt (42) is a good repre- 
sentative general text for identification of invertebrates; while 
Ward and Whipple (65) give more detailed treatment covering 
the fresh-water organism. 

A good recent review of the reactions of invertebrates to stimuli 
has been published by Warden, Jenkins, and Warner (66). 
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CONTROL METHODS 


Numerous methods have been suggested for preventing the 
settling of larva forms and the killing of adult forms of fouling 
organisms. Among them are the following: 


1 Heating the water. 

2 Increasing or decreasing salinity of the water. 
3. Creating anaerobic conditions in the water. 
4 Increasing water velocity in tunnels. 

5 Poisoning with acids. 

6 Antifouling paints. 

7 Screening the tunnel entrance. 

8 Poisoning with miscellaneous poisons. 

9 Poisoning with chlorine. 


Any theory of killing or method of control is only as valuable 
as it can be proved in actual practice at plant scale. Heat, in- 
creased velocity, surface treatment, acid, and chlorine are the 
only methods that have been put into practice on a large scale. 

In selecting a particular method of operation, it is well to bear 
in mind the factors to be considered. While there will be differ- 
ences of opinion as to the relative importance of these various 
factors, most designers will wish to consider them all. 


1 The method should not materially increase the operating 
cost of the plant. Too often in evaluating the various methods 
involved, designers are likely to decide against one particular 
method, because of a direct cost of operation and decide upon an- 
other that disproportionately increases pumpage costs or lowers 
the general efficiency of the plant. 

2 The method should have lowest possible first cost consist- 
ent with low operating cost. Particular care should be taken in 
evaluating cost of special equipment for control of marine 
growths compared with increased cost of general plant equipment 
to make possible other methods of control. 

3 The method should assure that no organism can grow to a 
size that will be detrimental to plant equipment, and a method 
should be available for recovering control of the growth if, for 
any reason, the treatment method must be interrupted. 

4 The method should permit operation of the plant at full 
capacity without interruption. 


ContTROL BY HEAT 


The earliest method of control used on plant scale was heating 
circulating water. One power station throttled the circulating- 
water flow until the desired heat balance was obtained. The 
amount of heating required is dependent upon the normal average 
temperature and normal range of temperatures of the water in 
which the organism has grown. 

Without reporting initial temperature of the water from which 
the organisms were removed, Henderson (67) found that by rais- 
ing water temperature gradually and removing specimens to 
cooler water for recovery, the lethal temperatures for various 
mollusks were Leda tenuisulcata, 88.7 F; Cardium boreulis, Con- 
rad, 88.9 F; Modiolaria discors, Beck, 89.4; Saxicava rugosa, 
Lamaich, 91.0 F; Crenella glandula, Atoms, 91.0 F; Cardium 
pinnulatum, Conrad, 91.8 F; Astarte undata, Gould, 92.4 F; 
Pandora trilineata, Say, 92.4 F; Modiolaria nigra, Loven, 94.2 F; 
Yoldia sapotilla, Simpson, 94.7 F; Zirpoea crispate, Gray, 92.4 F; 
Maetra solidissoma, Chemnitz, 98.6 F; Mya arenaria, Linne, 105 
F; Mytilus edulis, Linne, 105.4 F; Nacoma fusca, Atoms, 108.2 
F; Venus mercenaria, Linne, 113.3 F; and Ostrea virginica, 
Lister, 119.3 F. 

It is interesting to note that Tubularia in water above 68 or 
70 F, remains dormant, although it is able to recover when held 
for 3 days at 65 F (46, 68). In Scotland successful control of 


i hal 
/ 
( 
1 
ee 
j 
Nag 
tl 
ais 
le 
| 
ha 
ble 
clo 
cu 
ri 
cri 
q 


DOBSON 


Mytilus edulis on plant seale has been obtained by heating the 
circulating water to 120 F. 

The cost of operating such a system can be extremely high. 
Assuming that a power station with initial steam conditions of 
400 psi and 500 F, and capacity of 25,000 kw is fully loaded, and 
assuming that the circulating-water temperature must be raised 
from 65 to 120 F, the fuel cost alone due to the corresponding loss 
in vacuum for a 2-hr period will amount to approximately 40 
tons or, computed at $2 a ton, $80. The load capacity of the 
plant is, of course, at the same time reduced. 

In addition, increasing the temperature of the condenser may 
cause leaking ferrules and other leaks due to uneven expansion of 
tubes and tube sheets. Any operator who has experienced a 
failure of condenser water supply will appreciate this problem. 

The cost of the initial installation of such a heating system for 
a steam power plant will also be higher than other methods of 
marine-growth control. This can be readily appreciated when it 
is realized that the entire circulating-water system, and particu- 
larly the pumps must be designed for reverse flow. For plants 
not having waste heat available, the cost of such heating would 
be prohibitive. 


CONTROL BY CHANGES OF SALINITY 


Fresh water has been used as a means of eliminating marine 
growth from fouled surfaces since ancient times. Early mariners 
ran their vessels up fresh-water streams to loosen the ship’s foul- 
ing load. 

Most marine organisms are adversely affected by reductions of 
sulinity, but the absolute value that will support life varies with 
the species, the salinity of environment from which they are re- 
moved (69), and the rate at which the change in salinity occurs. 
Because of the number of variables, it is difficult to correlate 
various experimental results. Sudden reductions to 30 per cent 
of normal salinity have been found to be fatal to Mytilus (70). 
Ostrea virginana will not fatten below 20 per cent salinity (71). 
The critical salinity for maintaining life and for growth varies 
from individual to individual within a given specie (72). 

Most fresh-water invertebrates die in salt concentrations above 
5 grams per liter NaCl (73) but Physa heterostropha have been 
known to live actively in 25 per cent sea water if the concen- 
tration is slowly increased to that figure (74). Contrary to the 
average tendency, the oyster drill grows to a larger size in brack- 
ish water than in salt water (75). Increase or decrease of sal- 
inity from that of normal sea water acts as an anesthetic, causes 

luss of sense of balance in the motile organisms and paralysis of 
the motor systems (76, 77). 

Practical applications of this method for control of growths in 
industrial-plant water circuits are difficult, unless brackish 
streams varying in salinity with rainfall are readily available. 
Unfortunately even for plants with such streams available the 
problem is not fully solved for all the fouling organisms are not 
as sensitive as those just mentioned, and some will thrive under 
conditions of widely varying salinity. 

Plants on such brackish streams are faced with another prob- 
lem which is acute along the St. Johns and Hillsboro Rivers in 
Florida. Spring rains almost invariably change these streams 
from brackish to fresh water. The mussels and barnacles which 
have set in the circulating-water tunnels are killed, and the shells 
and debris of the dead organisms float up and clog pipe lines and 
blanket tube sheets. No operator having tube sheets badly 
clogged with shells will say that natural variation of salinity is a 
cure for his marine-growth problems! 


CONTROL BY CREATING ANAEROBIC CONDITIONS IN WATER 


The reduction of oxygen content of the water below certain 
critical levels will eliminate many organisms. The exact value of 
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dissolved oxygen which will support life varies with species. All 
fish and most of the invertebrates require free dissolved oxygen. 
At least one of the contributing causes of death of oysters in 
water heavily polluted with paper-mill waste has been the re- 
duction of oxygen content (78, 79). 

However, no practical means are available to remove oxygen 
from industrial-water circuits. The gross pollution which has 
been so common in some of our tidal streams has effectively done 
this in certain areas; but the disagreeable odors and prevention 
of recreational use of the streams are too high a price to pay for 
elimination of fouling organisms (80, 81). As pollution of 
streams is reduced with improved waste treatment, these anaero- 
bie conditions will be eliminated. This trend will probably be 
greatly accelerated in the near future, both by governmental 
pressure to eliminate such public health hazards and by the 
realization by industry that many valuable products may be 
recovered by proper treatment of their industrial wastes. Even 
in streams having completely anaerobic conditions certain 
mollusks are still able to survive. Mya arenaria (82), Saxrido- 
mus gigantea (83), and various others (84) have been shown to be 
capable of acting as facultative anaerobes. By this is meant 
that they are capable of obtaining energy by the breakdown of 
organic matter without use of oxygen. 

It has not yet been conclusively demonstrated whether the 
Mollusea can continuously live under these circumstances, or 
whether they must be subjected at regular intervals or at stated 
times in their metamorphosis to aerobic conditions. 

Sewage pollution will also encourage certain seaweed growth 
such as sea lettuce (Ulva latissima) (85), which also often blocks 
screens and tube sheets. 


CONTROL BY INCREASING VELOCITY 


Where high velocities in the line can be obtained without unduly 
increasing the cost of pumping, such increased velocities may be 
used for the control of aquatic growths. The author has ob- 
served that surface velocities in excess of 1 fps minimize the set 
of mussel and barnacle larvae on smooth metal surfaces. How- 
ever, very much higher average velocities must be attained to 
arrive at surface velocities of 1 fps on rough surfaces; such as, 
cast-iron pipe and concrete tunnel walls. Mytilus, which have 
already formed bivalve shells have been successfully removed by 
increasing the water velocity in cast-iron pipes to 13/2 fps for a 
period of 1 hr each week. However, such a means of eliminating 
marine growths is practical only where catch basins or strainers 
can be economically installed to eliminate the debris before it 
reaches critical equipment; such as condensers and pumps. 
The idea of high-velocity flushing is definitely practical for 
application in small plants. However, in large installations, 
particularly where large circulating- and cooling-water flows are 
required, the cost of pumps to attain these velocities, and the cost 
of power to operate them at the higher friction losses make the 
method economically impractical. 


Wits Acips 


The shifting of pH of the water was one of the earliest methods 
of control of fouling organisms attempted. Plant-scale experi- 
ments were carried out with partial success as early as 1915. 
Extensive studies of the effect of lowered pH on various mollusks 
were later carried out by Prytherch (86, 87) who was searching 
for an easier method of opening oysters to expedite commercial 
shucking. The natural pH of sea water and its buffer capacity 
varies slightly from place to place in the open sea (88) and varies 
considerably where industrial pollution is present. Fig. 8 is a 
typical curve of a buffer capacity of sea water, as measured by 
glass-electrode titration of samples taken in the open sea off the 
New Jersey coast. 
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(The curves remain flat at pH 9.9 until all calcium carbonate has been pre- 
cipitated.) 


It has been found that maintenance of pH between 2 and 5 
depending upon the organism, and for periods varying from 1 to 3 
hours will anesthetize the average Lamellibranchia and cause 
the shell to open sufficiently wide to permit insertion of a knife. 
Considerably longer periods are required actually to kill the 
organism. Corrosion, at these pH values, particularly of brass 
condenser tubes, is serious. As will be noted from the curve, 150 
ppm acid is required to obtain a pH of 3. Translated to plant 
seale on a 25,000-kw electric generation station, it would require 
5625 lb of 60-deg Bé sulphuric acid for a 3-hr period. Computed 
at current prices of $1.25 per ewt, that would amount to $70 per 
day of treatment. Corresponding increase in cost would, of 
course, occur in larger plants. Lower concentrations are useless. 
Ritchie (10) found that 10 ppm of sulphuric acid in water had no 
effect on mussels after submergence for 240 hr. 


ConTROL WITH ANTIFOULING PAINTS AND SURFACES 


A large amount of carefully detailed experimental work and 
large-scale tests have been carried out by the United States and 
British navies and by various laboratories and paint manu- 
facturers in an attempt to discover antifouling paints and sur- 
faces for ships’ bottoms. Literally thousands of patents have been 
issued covering various surface treatments to prevent the accumu- 
lation of fouling organisms. Paints containing as wide a variety 
of materials as mercurials, arsenicals, silicates, lead, copper, zinc, 
strychnine, cyanides, phenols, creosote, resins, asphalt, hair, 
guano, asafetida, and cow dung have been suggested (89). A 
smooth surface, while it will discourage fouling, will not prevent 
it, for even a smooth plate-glass panel will foul. Some authors 
(90) have suggested that paints can be compounded so as to 
slough off at high rates and take the load of fouling organisms 
with it. However, the required rates are high enough to make 
the method impractical. 

Copper and copper-bearing paints have been found to be the 
most efficient antifouling materials, and recent exhaustive tests 
(91) have indicated that the antifouling properties of copper- 
bearing paints are directly related to the leaching rate of the 
metallic copper. Means of making laboratory determinations 
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of leaching rates which correlate with fouling determinations 
have been devised (91). 

Antifouling paints, which necessarily leach out material and 
become porous, should never be used to prevent corrosion. 
Protective primers of known corrosion-preventative ability should 
always be used under antifouling finishes. 

All antifouling finishes eventually lose their efficiency; most 
of them after a single season. In long cast-iron pipe lines and 
on cement tunnel surfaces, the surfaces are too rough to make the 
use of paint economical. This is particularly true in plants 
where dewatering once a season for the renewal of the painted 
surface would be extremely expensive, as well as creating a hard- 
ship due to the required plant shutdown. On ships’ bottoms 
and other metal surfaces which must be painted at regular inter- 
vals to prevent corrosion, it is the best method of preventing 
fouling yet devised. 


CONTROL BY SCREENING 


Water inlets of all power stations and other large users of in- 
dustrial water are screened. However, to have a screen fine 
enough to catch the larvae forms of the fouling organisms, which 
are less than !/199 in. at early stages of development, is totally 
impractical. Any sereen which would catch such organisms 
would quickly clog with microbiological accumulations, and 
unless made of corrosion-resistant material, would soon become 
permanently blocked with corrosion products. 


PoIsonInG WitrH AcTIvE Porsons 


Various active poisons have been suggested as controls for 
marine growths. Cyanide has been suggested but has been re- 
jected because of extreme danger to human life. 

Some plants have used coal oil, gas-oil drip, kerosene, creosote, 
and similar oily products for control. Sections of the circulating- 
water tunnels between high and low tide become coated with 
these materials and become unsatisfactory places of attachment 
for fouling organisms. Some control is thereby obtained but no 
control is effected below the low-water line. Any method using 
a poison which is not dissipated, or consumed by mixing with 
other sea water, is dangerous in that it is likely to kill near-by 
oyster and clam beds and to cause public-health hazards at 
near-by beaches. Release of such poisons could well become the 
subject for damage suits and injunctive relief by the owners of 
proprietary oyster beds near the industrial plant using such 
poisons. Also, in almost all cases the cost of these poisons at the 
required dosage are prohibitive. 

Other chemicals are useful in the control of particular organ- 
isms. For instance, quicklime spread over oyster beds at the 
rate of 400 lb per acre will kill starfish without affecting the 
oysters. This material burns the soft flesh of the starfish and 
causes lesions that fail to heal (92). 

A patent (93) has been issuéd covering the use of cyanide in 
conjunction with chlorine for freeing a ship’s bottom of fouling 
organisms, 


CONTROL BY CHLORINATION 


Chlorine is the most economical and widely used means of 
controlling fouling organisms in both salt- and fresh-water cir- 
culating systems. It has proved successful in many plants 
throughout the world. A few plants have experimented wit! 
chlorine and have failed to achieve control. These failures have 
occurred because of lack of appreciation of the need of proper 
residuals (i.e., active chlorine left in the water), proper treatment 
periods, proper variations of treatment with breeding periods, 
and proper control and distribution of chlorine in the circulating 
water. 

Early experiments using chlorine have already been detailed. 
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Power stations scattered along the Atlantic coast from Massa- 
chusetts around the tip of Florida and as far along the Gulf coast 
as Corpus Christi have chlorinated successfully. The organisms 
thus controlled have covered a wide range of species. 

Cursory details of English experience (94) and the installation 
ut the United States Naval Air Station at Quonset Point, R. L. 
(95), have already been published. 

It has been reported that successful control of Mytilus edulis 
has also been obtained with chlorine at the Corporation Power 
Station at Belfast and Dublin, Ireland, and Brighton and South- 
ampton, England. 

Karly attempts using chlorine were based on continuous 
chlorination. Later short intermittent treatments were found 
We have now found that properly spaced inter- 
mittent-treatment schedules are more economical than continuous 
treatment and are completely satisfactory. It will be remem- 
bered that all fouling organisms have a spat or larvae stage during 
their sexual reproduction and that infections in new areas can 
begin only by the ingress of such larvae. Therefore if the larvae 
can be killed at regular intervals, before they have completed 
metamorphosis, no new fouling will occur. In this the design 
engineer is fortunate, for most organisms during metamorphosis 
have a higher metabolism than at any other time in their lives 
and therefore are more vulnerable to poisoning. 

It is obvious that if chlorination is carried out periodically so as 
to kill all the larvae in the tunnel, and is then repeated before any 
new larvae that enter the tunnel after treatment stops have 
had time for complete metamorphosis, complete control will be 
established. Such a statement is, however, an oversimplifica- 
tion of the problem. It is always possible, and will occasionally 
occur, that some larvae will arrive in the tunnel in an advanced 
stage of development and will complete metamorphosis almost 
immediately. When it is realized that a normal fouled shore 
line may contain a thousand million barnacles per mile and that 
these will release a million million larvae, or that a single Mytilus 
edulis may release as high as 25,000,000 eggs, it will be realized 
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that only a very small percentage of the larvae need escape to 
cause serious difficulty. 

A distinction should be drawn between complete prevention 
of fouling and substantial reduction or control of fouling. In all 
cases where fouling must be completely prevented, continuous 
chlorination during the fouling season must be used. However, 
where control only is required, intermittent chlorination may be 
used more economically. 

In those cases where intermittent preventative treatment is to 
be used the lines should be purged by continuous treatment for 
short periods at regular intervals. Glass flanges should be in- 
serted in pipe lines or test blocks should be inserted into tunnels 
and observations made at weekly intervals. As soon as the 
residual fouling that is not being prevented by the intermittent 
treatment, reaches the point where the organisms threaten to 
cause plant operating difficulty, then a corrective treatment 
should be instituted. This treatment will consist of chlorination 
at higher residuals and for longer periods than the preventative 
treatment. The reason for this longer period is obvious, since 
all of the Lamellibranchia are capable of closing and remaining 
closed for long periods. Chlorination periods must be extended 
until the organisms are forced to open their shells to obtain food 
or oxygen. 

Observations by the author on experimental troughs set up at 
the inlet slip of the power station of the New York, New Haven, 
and Hartford Railroad at Cos Cob, Conn., through the courtesy 
of Mr. Sidney Withington, Mr. E. F. French, and Mr. John 
Coolidge, will illustrate the method of killing adult organisms. 
A large group of shelled Mytilus edulis of varying size was re- 
moved from the piers near the site of the experiment and placed 
in untreated wooden troughs with fresh sea water continuously 
circulated through the troughs. Time was allowed for the organ- 
isms to become acclimatized and no treatment was begun until 
all specimens were fully attached by byssus threads. Chlorina- 
tion was then begun in different troughs at levels sufficient to 
yield 2.5, 5, and 10 ppm chlorine residuals. 

Fig. 9 illustrates the rate of 
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during one season at 0.5 ppm chlorine residuals on schedules of 
20 min each, six times per day, and obtained complete slime con- 
trol on condenser tubes, but showed no noticeable reduction in 
their annual accumulation of 600 cu ft of mussel and barnacle 
shells. The following season the same plant chlorinated at 
residuals of 0.7 ppm on a schedule of two 1-hr periods per day. 
The accumulation that year was 25 cu ft. Further reduction 
could have been effected. 

In June, 1944, the plant of the Montaup Electric Company in 
Somerset, Mass., removed 20 tons of growth from its tunnels. 
This was considered a normal annual accumulation. Chlorina- 
tion was started in January, 1945, and examination in June, 
1945, showed less than !/2 ton of fouling-organism accumulation. 
Observation indicated that most of this had accumulated prior 
to the beginning of treatment. Because of physical variations 
among different plants with regard to water-circulating tunnels 
and the piping arrangements, as well as predominating fouling 
organisms, these experimental results and previous plant ex- 
periences should be used as a basis of design in other plants 
only with extreme caution. 

Care should also be taken in instituting plant scale operations. 
For instance, in the beginning of treatment of a circulating-water 
system that has been in use for some time, a large quantity of 
organisms, usually sufficient to block tube sheets, and often suffi- 
cient to cause serious damage to circulating-water pumps, will 
be released if curative treatment is immediately applied. To 
prevent this, chlorine residuals should be held at low levels and 
chlorination should be short at the beginning, gradually lengthen- 
ing as less and less fouling organisms remain in the tunnel. 

In the preventative treatment, extreme care must be taken 
that the regularity of intermittent schedule be uninterrupted. 
The author inspected one tunnel that had been under treatment. 
Because of failure to obtain chlorine in the required time, the 
plant had been without treatment for 4 days. No continuous 
curative treatment was attempted to fill in the deficit. Three 
months later a full 11/2 in. thickness of Pecten of nearly uniform 
size had developed. During the 2 years following when no in- 
terruption in treatment occurred, no fouling was found. 

The chlorination of salt water carried in steel lines has certain 
distinct difficulties. If continuous treatment is used, the slime 
film which ordinarily would inhibit salt-water attack on the line 
is completely removed and corrosion is aggravated. Cases have 
been observed in which 1!/,-in-thick scales have developed on 
steel lines within a few months. However, if corrosion-resistant 
alloy or cast-iron lines are used so that the natural aggressive 
action of salt water is minimized, chlorination will prevent 
bacteriological corrosion (96, 97, 98) and thus materially increase 
metal life. Where the water is naturally aggressive and the use 
of steel lines is indicated, intermittent chlorination, which will 
permit. the reformation of protective slime films during idle 
periods, will minimize salt-water corrosion and yet maintain 
macroorganism control and also heat-transfer efficiency. Where 
the water is not naturally aggressive, such as is normally the 
case in fresh-water lines, continuous chlorination at properly 
controlled residuals will reduce rather than increase corrosion 
rates. 

The means of applying chlorine to large circulating-water flows 
should be carefully considered. Chlorine is only slightly soluble 
in fresh water and is still less soluble in salt water. For this 
reason special apparatus for obtaining completely dissolved 
chlorine in water solution must be provided. In order to obtain 
marine-growth control in large tunnels and pipe lines, the chlorine 
solution must be evenly distributed through the circulating- 
water flow. Unless wide experience is available as to the type of 
flow that will be found in screen wells and suction chambers, it 
is likely that a point of application and means of diffusion will be 
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selected which will com pletely free one area of serious growth and 
permit uncontrolled growth in other areas. It also should be 
remembered that while chlorine in the low concentrations re- 
quired for the killing of these organisms is not corrosive to 
normal materials of construction, it is highly corrosive in higher 
concentration and particularly if released as a gas. Therefore, 
if adequate mixing and dilution are not provided local areas of 
high concentration may severely corrode pump bells, impellers, 
and casings. 

The chlorination of circulating water will have no adverse 
effect on oyster or clam beds lying off shore nor on near-by 
bathing beaches. This can be readily appreciated when it is 
realized that the ‘‘chlorine demand” of normal sea water is such 
that the mixing of chlorinated water with an equal volume of sea 
water will eliminate or materially reduce the residual chlorine so 
as to be no longer toxie to oyster beds. The residuals carried 
approximate those used in swimming pools, and therefore if 
pH is maintained as it will be by the natural buffer capacity of 
sea water, beneficial rather than harmful effeets would occur from 
swimming directly in the discharge water. 

Throughout this discussion the term “chlorine residual’ has 
been used to indicate a free chlorine residual or active HOC! as 
contrasted to a bound or chloramine residual, where the chlorine is 
bound by reaction with ammonia or amino compounds. Recent 
work (99, 100, 101) has indicated the wide difference between the 
killing power of chlorine and chloramine residuals. Chloramine 
residuals have distinet use for specific purposes since they are 
more stable in the presence of organic matter. They are there- 
fore highly useful for the sterilization of swimming-pool water, 
and stock and pulp systems in paper mills. However, where 
ammonia content is not high, and this is true in most applications 
where marine fouling by macroorganisms is a problem, the use of 
free chlorine is recommended. Unfortunately, even if no am- 
monia is added, chloramine residuals often still occur because of 
the high ammonia and amino-nitrogen content of water which 
has been subjected to organic pollution. In those cases a ques- 
tion arises as to whether it is more economical to use ‘Break 
Point” chlorination and remove the ammonia, or to take the 
longer killing periods and higher required residuals of the chlor- 
amine. The determination as to whether a particular water with 
a particular chlorine dosage and contact period is+yielding a 
chlorine or chloramine residual can easily be determined by the 
Laux-Nickel test (102, 103) or by titratien with arsenite (104). 

Chlorination should be carried out only at the higher residuals 
necessary to kill macroorganisms in their larvae form during 
those periods when the larvae are in the water. Naturally, most 
industries will desire to chlorinate at lower residuals during the 
remainder of the year to prevent formation of microorganic slime 
and thereby maintain heat-transfer efficiency (105). 

The cost of marine fouling control with chlorine can usually be 
economically justified. A 25,000-kw station will usually be able 
to achieve control for about $3.50 per day during the fouling 
season. More than this amount will be saved due to improved 
vacuum as Well as reduction in cleaning cost and outage resulting 
from marine fouling. 

The time of year during which fouling will occur and rate of 
fouling will be dependent upon the fouling organism responsible 
for the difficulty, upon the water temperature, and upon the 
particular season. Seasonal variations are in turn dependent 
upon whether a large or small group of adult organisms suc- 
ceeded in establishing themselves in the near-by waters during 
the previous reproductive periods, and whether these organisms 
survive to the next breeding time. Conditions of tide, particu- 
larly as it affects water temperature, will also influence fouling 
periods and rates. These factors are too numerous and varied 


_ to permit accurate forecasting. To obtain this type of informa- 
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CAERNARVON BRYOZOA WS NN 
AAD 
BRITISH ISLES 
50°- 6I° F 
MUSSELS WWII 
HYDROIDS Wh WM HH QA 
WN AAY QG 
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61°- 83°F MUSSELS 
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Fig. 10 Periops tn Various Harsors 


tion, the William F. Clapp Laboratories of Duxbury, Mass., and 
the Woods Hole Oceanographic ‘Institution of Woods’ Hole, 
Mass., have maintained for a number of years test blocks and 
panels at a large group of stations on the Atlantic and Gulf 
Coasts and elsewhere. These specimens are returned to the 
laboratories at regular intervals and examined to determine both 
settling rates and growth rates for the particular station and 


been amassed. 


time. From these examinations much valuable information has 

The technique of setting such panels in order to obtain repro- 
ducible results over a long period is beyond the scope of this 
paper. Color and material of the panel depth and angle of 
submergence, type of support, and location of the tested area 
with respect to contaminating influxes and tidal rips are a few of 
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the factors to be considered. While results obtained from such 
test blocks cannot be used to forecast particular conditions at a 
station unless those tests are taken from the circulating flow of 
that particular station, some of the published results may be of 
interest (46). Fig. 10 indicates the fouling periods at widely 
seattered points. 

In shipping or storing specimens for later examination, they 
may best be preserved by draining surplus water from them and 
placing in sealed bottles containing 98 per cent alcohol. 


DESIGNING FOR FOULING CONDITIONS 


In the design of new plants using fresh or tidal water likely to 
foul, two questions must be answered: (a) What. will be the ex- 
tent and nature of the fouling organism? (b) What design steps 
must be taken to overcome them? 

Often forecasts of fouling conditions have been made, based 
on studies of test panels or of fouling on logs, piers, rocks, and 
structures near the site of a proposed plant, or on studies of foul- 
ing conditions at an adjoining plant. 

Such forecasting is extremely dangerous and should never be 
relied upon. Industrial water supplies taken from large bodies 
of water usually afford ideal conditions for invertebrate growth 
in their screen chambers, pump-suction wells, supply pipes, and 
flumes. 

The sessile organisms naturally dependent upon water motion 
to carry their food to them will thrive and grow at rates unpre- 
cedented on the previous shore line. This is naturally due to 
water velocities usually in the range of '/;9to 2 fps. Differentials 
of growth rates as high as 3 to 1 have, for instance, been recorded 
for barnacles in wave-swept waters as compared with barnacles 
living in comparatively still tidal water. Still faster rates of 
growth have been noted in industrial tunnels. Where the water 
taken by the industrial plant is used for cooling an additional 
factor which cannot be forecast is introduced. The enormous 
heat output in cooling water from a large power station or refinery 
is often sufficient to shift the over-all temperature of the body of 
water as much as 15 deg F. This shift in water temperature may 
be enough to encourage year-round growth and reproduction of 
an organism that has ‘previously been dormant a large part 
of the year, or may permit overwintering and luxurious growth of 
some organism which has been previously subject to seasonal 
extermination. 

A good example of this occurred in the Southwest during the 
war. A new plant was to be erected on tidal water and take its 
cooling-water flow from a brackish stream only a few hundred 
feet from the inlet of an existing oil refinery. Design engineers, 
basing their judgment upon the fact that the existing plant had 
experienced no difficulty, and upon a belief, based upon rather 
limited experience, that no organism could thrive in varying salt- 


content water, provided no protection from fouling. Luxuriant - 


Bryozoa growth shut down the plant before a single year of opera- 
tion had been completed. 

For another example, there are two power stations in Rhode 
Island whose cooling-water inlets are a city block apart. Negli- 
gible differences exist between the plants in so far as salinity, 
water temperature, sewage pollution, and other normal factors 
are concerned. The plant upstream from the sea has had severe 
fouling with Mytilus edulis; the one nearer the sea has had none. 
The difference probably exists in variations in river bottoms. 
Some plants have experienced severe fouling recently after a 


period of comparative freedom, probably due to changes in in- . 


dustrial and domestic pollution in their water source. 

It should be realized that even though conditions are known to 
be unfavorable to the fouling organisms that exist near the 
proposed plant site, these same conditions of salinity, tempera- 
ture, and pollution may encourage luxurious growth of some 


other organism, not now native, when changed water flow and 
temperature due to the new operations occur. 

It is only sound engineering to design as though fouling will 
occur. Satisfactory design will require that all portions of the sys- 
tem be accessible for inspection and manual cleaning; and prefer- 
ably be capable of being readily dewatered; but such manual 
cleaning should be considered only as an emergency measure. 
From the standpoint of efficiency, of continuity of operation, and 
of cost of cleaning, control methods as previously discussed are 
more satisfactory than manual cleaning. Designing with such 
control methods in mind from the very inception of plans will 
often substantially reduce corrective construction and operating 
costs. 
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Discussion 


S. P. Ewrna.* This paper is an excellent condensation of the 
extensive and scattered information on fouling organisms as re- 
lated to circulatory salt-water systems, and the Bibliography will 
be helpful to those who wish to learn more about this interesting 
subject. The paper is another example of the economic and en- 
gineering value of pure science. Certainly the engineer cannot 
expect to deal effectively with the fouling problem unless he uses 
the knowledge of the marine biologist. 

There is little that the writer can add to the subject of the 
paper. But it might be worth while to mention a few other in- 
stances where the engineer must deal with fouling organisms, 
and show how in each case the problem is an economic or engi- 
neering problem where the marine biologist could contribute to 
the solution. 

The salt-water piping system on ships is similar to the shore 
cooling system. The fouling problem is in some respects more 
important because the piping is designed for relatively high ve- 
locities, the pipes are relatively small so that comparatively little 
fouling may greatly reduce the capacity. On combat ships, 
failure of the piping at a critical time might result in loss of the 
ship. Hence it is not sufficient to be able to remove the fouling 
at intervals. The piping and also the hull must be kept free of 
fouling at all times because nearly perfect performance at all! 
times is essential. It is impossible to design and operate the 
ship’s piping so that the water velocity exceeds the minimum re- 
quired to prevent fouling. Nor is it possible to close completely 
parts of the system at regular intervals, and thus kill small 
attached organisms by suffocation. The use of chlorine or other 
poisonous chemicals is objectionable on combat ships because 
of space limitations and the added hazard of these materials in 
case of battle damage. 

The possibilities thus seem to be limited to the use of (1) copper 
alloys which will prevent fouling, (2) antifouling paints on the 
interior of the pipes, and (3) chlorine generated electrolytically 
from sea water. One might think that with a large power plant 
available, it would be a simple matter to produce enough chlorine 
from the electrolytic decomposition of sea water to prevent foul- 
ing in salt-water pipes. The work that has been done by the 
Bureau of Ships and the experiente on ships indicates that the 
best solution is to use copper-nickel pipes, which corrode enoug! 
to prevent fouling for at least 1 year and then use antifouling 
paint or abrade the interior of the pipe so as to restore its anti- 
fouling characteristics. With steel pipes, the best solution is the 
use of antifouling paint. 

Another well-known instance where marine organisms inter- 
fere with the activities of man is the damage to wooden structures 
caused by marine borers. Here the best defense is to treat the 
wood so that these organisms are discouraged from boring in it, 
or to cover it with a material which the borers cannot penetrate. 
The method used since ancient times to prevent attack on wooden 


3 Bureau of Ships, Navy Department. 

Nore: The opinions expressed in this discussion are not to be 
construed as those of the Navy Department or the Naval Service at 
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vessels has been to cover the underwater hull with sheet copper. 
This method was used extensively on early steel and iron vessels. 
An elaborate and expensive system of wooden sheathing was used 
between the copper and steel to control the galvanic couple and 
thus prevent rapid corrosion of the steel. 

There are numerous types of structures where fouling in itself 
is not particularly objectionable. For example, fouling on a 
wooden pier does not interfere with the proper functioning of the 
pier, so long as the organisms do not penetrate the wood and 
weaken it. Fouling on steel piers, lock gates, buoys, submarine 
nets, and submerged pipe lines is not particularly objectionable 
so long as the organisms do not penetrate the organic protective 
coating and cause corrosion of the steel. On lock gates, buoys, 
and submarine nets, the added weight may affect buoyancy be- 
cause the shells are heavier than the water. However, the effect 
on buoyancy is only about '/, of the total weight in air of the 
fouling growth, 

It is well known that when certain barnacles grow on rela- 
tively soft bituminous materials and some paints, the shell of the 
barnacle gradually penetrates the organic material so that after 
the barnacle reaches its full growth its shell is in intimate contact 
with the steel over nearly the entire area of its base. Serious cor- 
rosion of the metal often occurs in this area, especially if the 
electrical conditions are favorable for corrosion. This situation 
has occurred on lock gates and submerged pipe lines. Other un- 
identified marine organisms are reported to attack asphalt coat- 
ings in a somewhat similar manner. 

There are several possible ways to prevent damage to the 
coated metal. An antifouling paint might be applied over the 
bituminous coating, but this will be effective for only a limited 
time, since most antifouling paints lose their effectiveness in less 
than one year. Tests may show that a sufficiently hard coating 
will prevent penetration. This is certainly the case with barn- 
acles. A sufficient amount of hard mineral filler in the bitumen 
may be an effective means for discouraging other types of boring 
or digging animals. If the attack of the marine organisms on the 
coating is rather slow, and only a few holes are made in a rela- 
tively long period, the use of cathodic protection to prevent corro- 
sion at the holes in the coating may be the most economical solu- 
tion. Each ease will have to be studied in order to arrive at the 
most effective and economical solution; and the solution will 
probably require identification of the culprit, and a knowledge of 
its life history. 


L. W. Hurcuins.* This paper fills a gap in the literature of 
fouling problems. The engineer is presented with an introduc- 
tion to some of the complex biology involved in the fouling of 
water circuits, and, indeed, of any fouling. On the other hand, 
the biologist is offered an excellent review of the practical prob- 
lems from the engineer’s standpoint. The number of new observa- 
tions recorded and the extensive review of the practical litera- 
ture, which generally does not come to the attention of biologists, 
are particularly worthy of praise. 

The author has pointed out very well the extent to which the 
solution of engineering problems must depend on competent 
biological knowledge. His remarks on the inadequacies of foul- 
ing control by screening, on the possible variations of control by 
heat, and in particular, the variable dosages of chlorine which 
must be adjusted both to the types of organisms present and the 
stages of their life histories are good cases in point. 

It happens not infrequently that biologists are not able to give 
the best possible consulting advice about fouling problems 
simply from ignorance of the practical aspects of the situation. 
This situation can be alleviated by papers such as this which 
present both sides of the picture. 


‘ Woods Hole Oceanographic Institution, Woods Hole, Mass. 
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Cases have come to the writer’s attention in which plants and 
designers have refused to allow dissemination of the factual in- 
formation about the fouling problems they have encountered, 
in the rather naive belief that the occurrence of fouling in their 
setup was a reflection on the abilities of the operator or designer. 
That view is quite incorrect. 

The only sound procedure, as the author points out, is to design 
with the expectation—a practical certainty—that fouling will 
occur, and to make suitable provisions accordingly for inspec- 
tions, cleanouts, and, if desired, attempted control. The failure 
of any intended control system, moreover, does not necessarily 
reflect on the engineer, but as often as not, on the inadequacies 
of the biological knowledge concerning his problem. 

Improvement in this general subject can be obtained only by a 
thorough understanding of both points of view so that the biolo- 
gist can know the lines which his investigations should follow, 
and the engineer can have a true picture of the information avail- 
able for application in designing and operating control measures. 

The need for more exact biological knowledge has become in- 
creasingly clear along two lines. In so far as the economical 
use of control measures must involve their quantitative relation 
to the incidence of fouling, it is obviously desirable to know as 
fully as possible the fouling expectancy and the effects of factors 
modifying it. The particular fouling population which will 
develop in a highly localized site appears to depend on the 
natural populations to which that site is accessible. In harbors 
and other such locations generally of interest to industry this 
question of accessibility appears to be highly complicated. The 
set of local currents may profoundly alter the probable accessi- 
bility as judged by simple geography. Pollution, which may be 
either somewhat beneficial or detrimental to the growth of indivi- 
dual species, depending upon its nature and extent, is another 
factor believed to be of very great importance in such areas. Far 
too little is known, however, about the effects of individual con- 
taminants to permit predicting localized harbor fouling conditions 
with any assurance. There is a need for further facts about all 
such factors modifying the incidence of fouling. 

The second line along which further exploration is indicated is 
that of the knowledge of toxicity and factors which may be util- 
ized in control of fouling. The investigations of possible toxics 
other than chlorine and heavy metals can hardly be said to have 
been prosecuted with any vigor. Knowledge is inadequate even 
as to possibilities, particularly in the line of organic toxics. 
Similarly, with reference to chlorination, it would seem worth 
while to investigate much more thoroughly than has been done 
the problem of control by intermittent treatment. Even with 
the intermittent applications now in use, the cost appears suffi- 
ciently high so that possible savings would more than justify 
considerable research aimed at the reduction in chlorine usage. 
This is a problem in which the biologist must go first, studying 
the effects of various concentrations and of various time dosages 
on a wide variety of organisms and attempting thereby to de- 
velop generalizations which can be put into practice by the engi- 
neer. 

The writer feels that the greatest importance of the paper is as 
an aid to the further profitable co-operation between professional 
biologists and engineers. 


F. L. LaQue.5 On the basis of some of our investigations in 
related fields, the writer is able to confirm some of the author’s 
conclusions: 

1 We have found that when sufficient chlorine is used to pre- 
vent the development of slime films, as well as fouling organisms, 


5 In Charge Corrosion Engineering Section, Development and Re- 
search Division, The International Nickel Company, Inc., New 
York, N. Y. 
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corrosion of steel pipe lines by sea water moving at high velocity is 
increased, presumably through the loss of the protective effect of 
slime films and accumulations of macroorganisms. At the same 
time, there has been some evidence that small amounts of chlorine 
in sea water retard rather than accelerate corrosion of some non- 
ferrous alloys, such as Admiralty brass and 70:30 cupro-nickel, 
perhaps through some reinforcement of protective films. Like- 
wise, the prevention of fouling and perhaps, also, a slight increase 
in the oxidizing capacity of sea water due to the presence of a 
small amount of chlorine, have been found to exert a beneficial 
effect on the performance of stainless steels. 

2 Our observations generally confirm those of the author 
with respect to the influence of water velocity on the fouling of 
smooth surfaces. We have found that macroorganisms are not 
likely to become attached at steady flow rates much above about 
3 fps, but once attached during periods of lower velocity flow, 
they may be able to retain a foothold and grow in contact with 
water moving at much higher velocities, e.g., 10 fps. 

3 Examinations of many specimens of steel covered with 
fouling organisms after exposure to sea water have failed to indi- 
cate any significant effect of the organisms in accelerating corro- 
sion through differential cell action as suggested by the author. 
However, with highly alloyed steels, such as stainless steels and 
other passive alloys, local attack believed to be due to differential 
cell action under fouling organisms is common, 

Since the possible effects of chlorination on corrosion of equip- 
ment are of natural concern to those contemplating the use of 
chlorine to prevent fouling, it is hoped that more extensive in- 
vestigations of this phase of the subject, and particularly with 
respect to intermittent chlorination, will be made and that the 
results will be made available. 


S. T. Powetu.* The author has given an excellent history of 
methods undertaken for the control of biological microorganisms 
responsible for fouling condensers and similar equipment. In 
addition to this valuable record, he has presented a very clear 
and concise discussion of the specific types of organisms which 
have been responsible for such difficulties and has submitted a 
constructive review of miscellaneous corrective treatments and 
their application. The paper also includes one of the most com- 
plete bibliographies which has been published, and this ma- 
terial alone is an invaluable contribution to this subject. 

That portion of the paper dealing with ‘control by chlorina- 
tion” is a concise statement of the value and limitation of this 
type of treatment and should correct many misconceptions as to 
the application of chlorination. 

In general, the paper is a worth-while contribution to the litera- 
ture and represents an authoritative reference work with a high 
degree of reliability. 


LesTER RANDALL.? The writer in support of the facts given 
in the paper is able to provide some results obtained at the power 
station of The Connecticut Power Company, Stamford, Conn. 

The Stamford station has grown from the early days of the 
industry so that when an additional unit of 25,000 kw capacity 
was installed in 1940-1941, a complete new intake system for this 
unit was necessary. The circulating pumps are propeller type, 
located in the screen house 9n the waterfront. The intake tunnels 
are two 36-in. cast-iron pipe lines from the pumps to the con- 
denser, one line to each side of the divided water box. The com- 
bined length of the two lines is 262 ft. 

Circulating pumps for the old portion of the plant are of the 
submerged slow-speed centrifugal type, located in another screen 
house also on the water front. The intake tunnel for the old 


6 Chemical Engineer, Baltimore, Md. Mem. A.S.M.E. 
7 The Connecticut Power Company, Stamford, Conn. 
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plant is also 36-in. cast-iron pipe but laid out as a loop, like a 
hairpin, with the two ends connected through valves to a header 
located near the pumps. Take-offs to the condensers are on one 
leg of the hairpin so that in effect there is a cooling-water header 
supplying the old condensers, this header being fed from both 
ends. Division valves make it possible to inspect sections of this 
line while other sections are still operating. The whole length 
of this loop, including leads to condensers, is 680 ft, but only 570 
ft are in active use, the remaining section being connected to units 
not regularly operated, and because of a closed division valve 
very little water circulates through it. 

The new unit was put in service during October, 1941. Inter- 
mittent chlorine treatment was started in January, 1942, for this 
unit and in April for the old part of the station. Prior to this 
time no method of controlling intake fouling had been used. 
Heavy growths occurred in the pipes and had to be scraped out at 
least twice a year. The fouling included all sorts of marine ani- 
mals but mussels predominated. 

The new plant has operated as a base-load unit, being shut 
down over a week end every 6 to 8 weeks for inspections and 
maintenance. The old plant seldom operates over a week end 
and when shut down no chlorine is fed, although a small amount 
of water is kept circulating through the lines. 

Circulating water is taken from the harbor, an arm of Long 
Island Sound. Normal water velocities during the summér in 
the several pipes are 5 fps for the new plant; 6 fps for a 325-ft 
section of the old intake piping; and 7.5 fps for another 240 ft. 

Until July 20, 1942, the program for chlorination was three 
20-min periods per 24 hr, at which time the treatment was in- 
creased to four 20-min periods. The following year, 1943, the 
program was changed to two periods of 60 min each 24 hr. This 
was started May 12, 1943, and has been in effect most of the time 
since. 

Residuals have been carried at 0.5 ppm, except during July, 
August, and September, when it has been kept slightly higher, 
from 0.55 to 0.65 and occasionally, for short periods, to 0.7 ppm. 
Samples for residual determination are taken from the condenser 
outlet in the new plant and condenser inlet in the old plant. 

Results have been gratifying. Considering the old plant only, 
the 1942 program of three and four 20-min chlorinating periods 
per 24 hr reduced the total amount of material to be removed 
manually by 50 per cent. The two 60-min periods per 24 hr has 
reduced it by more than 95 per cent when compared with condi- 
tions before chlorine treatment. 

Results for the new plant are even more interesting. From 
October, 1941, to August 12, 1945, nearly 4 years, a total of 10.5 
cu ft of material, all mussels, has been removed from the 262 ft of 
36-in. pipe and 8-in. suction lines to the cooling-water booster 
pumps. One half of this total was taken out the first year, 
1942, when using the 20-min chlorinating period. Probably an 
important reason for the small Amount this first year was the 
smooth condition of the pipe surfaces, which had been given & 
shop coat of bitumastic paint. 

Prior to chlorine treatment, it was regular operating practice 
during parts of the year to drain half a condenser at night and 
pick out the mussels and shells that were wedged in the ends of 
tubes. Sometimes it was necessary to do it during the noon 
hour. This operation has been completely eliminated. Rubber 
plugs are blown through all condenser tubes every 4 weeks to 
remove such shells as do lodge in the tubes and might cause fail- 
ures. 

The cost of chlorination for the combined plant is 15 tons of 
chlorine per year; generation for the same time is up to 300,000,- 
000 kwhr. 

Considerable time has been given to studying mussels. The 
beginning and duration of the spawning season and the rate of 
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growth are important considerations. Four years of observation 
has pretty well determined that with the present chlorine treat- 
ment, mussels will not begin to appear in the pipes until July 1. 
It has also been determined that if the pipes are cleaned after 
October 15, they will remain free of any growth except a scatter- 
ing of barnacles, for the following 8 months. For removing such 
mussels as do get started two cleanings are made, the first about 
August 20, the second about October 20. Using this schedule, 
mussels that may get started are removed before they get large 
enough to crowd each other loose from the pipe surface and be 
carried along by the current. 

These results apply to Stamford station. Other stations must 
determine the treatment best suited for their particular condi- 
tions. Some of the factors to consider are nature of tunnel sur- 
faces; velocity of water; size of tunnels; continuity of service 
and chlorine treatment; nature of fouling organisms. 

The‘author suggests installation of glass inspection plates or 
hanging test pieces in tunnels. The writer considers that method 
unreliable, especially for salt-water plants. 

In the old plant, during the summer of 1945, a solid blanket of 
mussels covering 8 ft of 36-in. pipe became established in a section 
between a condenser take-off and a closed division valve. Also 
a good-sized patch started in the 24-in. connection at one side of 
one of the old condensers. Why these patches start in an other- 
wise clean pipe is difficult to explain. In the new plant, water 
for the turbine coolers (hydrogen and lubricating oil) is taken 
through 8-in. suction lines to two 750-gpm booster pumps, one on 
each main intake pipe. One pump is operated at a time for 
l-week intervals. Each summer, mussels completely blanket 
the insides of these suction lines. Also, in the new plant mussels 
completely filled the crease in the reinforced rubber expansion 
joints just below the water boxes. 

So far only intake pipes have been mentioned. The pump 
and screen wells do collect growths on the walls. This is due toa 
design that does not give good mixing of chlorine with the water 
in the wells. Chlorine feed pipes are placed just in front of the 
pump suction, between the pump and the screen, so the chlorine 
passes directly to the pump and into the pipes. 

Chlorine has eliminated all non-shell-bearing animals, slimes, 
ete., and nearly all mussels from the circulating-water piping. 
However, barnacles do not seem to be affected, in fact it would 
seem they like the clean surfaces. In the old-plant intake lines 
they will nearly cover the surface by midsummer. They are hard 
to serape off but because they are so securely fastened to the pipe 
walls and are so small, they are not a hazard in operation of the 
plant. 


W. D. Bisse.i.® At the time the chlorination system was in- 
stalled at Montaup Electric Company one of the condensers had 
been completely retubed the previous year and another condenser 
was completely retubed at the time the treatment was started. 

The selection of sampling points for observation and control 
was carefully considered and these were located at the discharge 
elbow of the circulating pumps, each condenser discharge elbow, 
half the distance along the pump discharge tunnel where house 
service pumps are located, and also at the combined discharge of 
all condensers. 

As the tunnel system was known to have considerable growth, 
extreme care was used when treatment was first started in Feb- 
ruary, 1945, in order to observe the sluffing-off of this growth. A 
thirty-minute cycle per day was used for about two weeks main- 
taining a residual of 0.3 ppm at the condenser outlet. The cy- 
cle was then changed to fifteen minutes of treatment three times 
daily and the residual was increased to 0.5 ppm, where it has 
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been maintained since, No diffculty was experienced from ac- 
cumulated growth dropping off during the initial cleaning period. 

It was interesting to observe, during the difficulty which was 
experienced maintaining chlorine residual during the first month 
of treatment, that the discharges of the pumps would vary in 
chlorine residual from day to day. This variation leveled off 
later so that each pump discharge would indicate the same resi- 
dual. 

It is believed that this variation was due to the uneven de- 
posits in the pump suction and the gradual cleaning of them re- 
sulted in the leveling off of residual at all pumps. 

The greatest demand of chlorine was along the distance from 
the river intake screens to the pump discharges which was three 
or four times greater than through the condensers from the inlet 
to the outlet. Due to having sampling points at these import- 
ant locations close observation could easily be obtained. The 
results were accurately logged which was of great assistance in 
maintaining machine control and residual control. 

When the water temperature reached about 45 deg in the spring 
of the year the chlorine demand increased very rapidly until 50 
deg was reached. From that time to 75 deg, chlorine demand 
was observed to be quite normal. During the period of warm 
water operation at temperatures of from 68 deg to 80 deg, an in- 
teresting changeable condition would occur in the foam on the 
surface of the condenser discharge water. This would be very 
dark brown for a few days at a time and would then change to a 
light yellow and the chlorine demand would change rapidly. 

The control of chlorination was obtained by results as indicated 
on the condenser tubes, sheets, inlet and discharge water boxes, 
at regular frequent inspections. When chlorination was first 
started the growth of so-called moss and marine growth was 
about 3/s in. thick on the internal surfaces of the water boxes with 
some adhering to the tube sheets. After several weeks of treat- 
ment this could be easily removed by rubbing with the hand. In 
about three months this growth was completely removed and the 
surfaces could be coated with red lead. 

Previous to chlorination the condensers were rather foul- 
smelling and it was extremely difficult for men to make repairs or 
to stay in them any length of time. Extended periods of working 
in a condenser would make a man ill. Since chlorination has 
been used the condensers have not been odorous to any extent, 
and are not objectionable for men to remain inside for extended 
periods to make any necessary repairs. 

The purpose of using chlorination was to remove slime deposits 
on the heating surfaces chiefly. Mussels in the intake tunnel 
were of considerable nuisance and also would collect in various 
station salt-water lines and valves which caused considerable 
trouble in the past. 

Chlorination has completely. removed the slime and reduced 
the mussel growth so that it is negligible. The station water 
lines have been free from any growth or deposits and it has not 
been necessary to clean cooler surfaces, etc. Previous to chlorina- 
tion such conditions as described in Figs. 2, 3, and 6 were usually 
found when the tunnel was dewatered. 

The use of chlorination has been quite satisfactory in keeping 
the condensers and the condenser water system clean and we feel 
that good results have been obtained. 
have been raised such as the following: 


However, some points 


1 In keeping condenser tubes free from slime and any or- 
ganic growth by the use of chlorination, will this permit corrosive 
action caused from oxygen or any corrosive gases in the circu- 
lating water to attack the condenser tubes, which may shorten 
their life? 

2 (a) Does the type of bacteria change at different seasons 
of the year? (b) Do they change at different temperatures? (c) 
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Is it usual to have chlorine demands change rapidly from causes 
such as mentioned above? 

3 In the process of first applying chlorination will chlorine 
demands change rapidly in initial cleaning periods? 

4 Do river-bed deposits change gradually from year to year, 
thereby affecting the type of growth and gases in the water which 
may result in changes in the chlorine demand? 

5 (a) Is it considered advisable to discontinue chlorination 
during the winter period when temperatures are at 33 deg or 
thereabouts? (b) Should the chlorine cycle be reduced in fre- 
quency? (c) Should the chlorination residual also be reduced? 

6 If marine growth and fouling organisms vary from season 
to season at various temperatures, is not the best means of con- 
trol obtained from observation of results which can actually be a 
guide for correct residuals, thereby obtaining positive control? 

7 Since variable conditions of the tide are observed to have 
an effect on the chlorine residual, can this be explained? 


AUTHOR’s CLOSURE 


The author wishes to express his appreciation to the various 
discussors for their thoughtful and well-prepared contributions. 
The discussions papers by W. D. Bissell and L. E. Randall are 
interesting in that they present the viewpoint of the problems 
as seen by the operating man. 

Mr. Bissell has pointed out a familiar observation that the 
chlorine demand, as indicated by the difference between chlorine 
dosage in the screen well and chlorine residual in the tailpipe, is 
made up of two parts: (1) The demand of the water itself during 
the time of contact permitted, and (2) the demand or absorption 
of chlorine by the surface accumulations on the tunnels and heat- 
exchanger tubes. Naturally, when large accumulations exist in 
a concrete tunnel, considerable chlorine will be absorbed by this 
organic matter until such time as it has been completely oxidized, 
and in most cases, has completely sloughed off. Mr. Bissell has 
raised certain specific questions which the writer will attempt to 
answer. The question as to whether the chlorination of condenser 
tubes and the resultant bright tube condition will permit the ag- 
gressive action of salt water, of dissolved gases, and of other corro- 
sive fluids to increase the corrosion rate of these tubes over the 
corrosion rate existing in slime-covered tubes is a subject which 
will still bear considerable investigation. Mr. LaQue, in his dis- 
cussion of this paper, seems to feel that such accelerated corrosion 
does not exist, and that, in fact, the elimination of the slime film 
and macroorganism fouling will retard the corrosion of nonferrous 
metals. Further research should be carried out in this field; but 
suffice to say, from a practical viewpoint, corrosion rates of in- 
stalled tubes have never been demonstrated to have been in- 
creased by chlorination. A few cases are on record where the 
tube corrosion rate increased simultaneously with the use of 
chlorine for elimination of slime accumulations, but in all cases 
where the chlorine was abandoned for a period, the increased cor- 
rosion rate continued unabated. 

The type of bacteria and other slime-forming organisms re- 
sponsible for heat-exchanger sliming do not vary in terms of the 
season. However, the type of organism present at any time is 
dependent upon water temperature, upon food supply, and upon 
other factors such as oxygen content in the water. Since these 
factors, in turn, have seasonal variations, it is possible that spe- 
cific flora will be more regularly found at certain seasons of the 
year. Certain microorganisms multiply very rapidly at specific 
temperatures, but are in practically static conditions in all but a 
very narrow range of temperature. Certain others are tolerant to 
much wider temperature conditions, and will thrive throughout 
the temperature range of normal circulating-water ‘conditions. 
Mr. Bissell has outlined in his own discussion a very clear demon- 
stration of the high chlorine demand of fouled surfaces during 
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the initial clean-up period of a circulating water system. His 
experience is quite typical of the conditions in a normal circulat- 
ing-water tunnel. 

The variations of river bottom do not have a particular effect 
upon the growth of microorganisms in circulating water. In 
most cases these organisms exist free-floating in the water, and 
unless the river bottom is contributing changes of water condi- 
tions, such as oxygen depletion or hydrogen sulphide production, 
the condition of the river bottom will not seriously affect the 
growth of microorganisms on heat-exchanger surfaces. How- 
ever, the macroorganisms, such as mussels, have only a limited 
field of locomotion between the point of fertilization of the egg 
and final point of attachment of the larva animal. For this 
reason, an invasion of mud over a rocky bottom, which quite 
frequently occurs in tidal water, may well eliminate the breeding 
grounds and ultimately the source of infection for macroorgan- 
isms for a given tunnel. 

The question as to what changes of treatment should be made 
as water temperatures approach freezing is one that can be an- 
swered only after a study of the particular problem. It should be 
remembered, however, that temperature at which the organism 
is breeding is not the temperature of the water, but rather the 
surface temperature of heat-exchanger metal, and for this reason, 
even at 32 deg water temperature there may be lively growth of 
the microorganism. As a practical matter, chlorination should 
be continued at residuals sufficiently high, properly spaced, and 
of sufficient duration to kill the flora attached to the flume, con- 
denser, or other surfaces, 

The answer to Mr. Bissell’s sixth question is again a matter of 
practical application of biological facts. If a station could af- 
ford to have continuous studies by an experienced biologist to 
determine when the spat form of each organism is present in the 
water, then residuals and dosage periods could easily be varied in 
accordance with season and water-temperature conditions, so as to 
yield maximum economies of chlorine use. But the average 
plant finds it much easier to feed chlorine at residuals sufficiently 
high to kill the spat form of the macroorganisms during the en- 
tire period when water temperature is sufficiently high, or sea- 
sonal advance is sufficiently completed to warrant a belief that 
some of the fouling organisms may be breeding. 

Variations of chlorine demand with tidal conditions is quite 
common. The common condition of a polluted stream moving 
into a relatively clear estuary will yield high chlorine demands 
during periods of ebb-tide, due to the preponderance of river 
water and low chlorine demands while the tide is in flood due to 
the preponderance of sea water. In any particular harbor the 
question of what mixing will occur at various tides can become 
extremely complex. 

Mr. Randall’s report is an excerpt from the data which he has 
accumulated during the past six years. These experiments are 
the most carefully controlled and ‘fully observed plant-scale 
demonstrations of the control of fouling organisms by chlorina- 
tion known to the writer. I hope that Mr. Randall will publish 
his very carefully detailed data in the near future. His experi- 
ences have indicated some of the pitfalls which may well trap the 
unwary operator attempting chlorination for the elimination of 
fouling organisms. No plant which is circulating any salt water 
should permit that salt water to circulate for a period of more 
than twelve hours without treatment. Mr. Randall’s difficulty 
with his dead-ends in the old station is typical of the problems 
which will occur if this precaution is not taken. In the placing 
of test panels or plate-glass windows in circulating-water tunnels, 
the place chosen for test must be representative of conditions 
throughout the entire station, and if any doubt exists as to 
whether the place chosen is representative, spot checks through- 
out the system should be made. The control of barnacles re- 
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quires slightly higher residuals than those required for the killing 
of other fouling organisms, and therefore unless barnacles are 
giving trouble it is uneconomical to chlorinate at these higher 
residuals. 

In the cleaning up of fouled tunnels either when starting to 
control fouling in existing tunnel, or in the cleaning of a tunnel 
which has been under treatment and which has been permitted 
to foul to a limited extent by “preventative treatment” recom- 
mended in the original paper, there is always a question of the 
economy as to whether chlorination or manual cleaning should 
be used. In all cases where plant shutdown and dewatering 
is readily possible and access to the tunnel can be made with- 
out undue-expense, it would seem advisable to choose manual 
cleaning. Under other circumstances chlorination might easily 
be the answer. 

Dr. Ewing’s discussion of problems related to the fouling of cir- 
culating-water systems has been very valuable in rounding out 
the view of the subject. The writer has had some contact with 
the design work involved in the production of chlorine cells for 


use on board fighting ships. Certainly considerably more im- 
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provement of those cells, and improvement of the antifouling 
materials for lining the ships’ pipes is in order. Such develop- 
ment can best be carried on by the co-operation of all interested 
parties. 

Dr. Hutchins’ discussion of this problem from the viewpoint of 
the biologist will warrant careful study by the designing engineer. 
His warnings of the unpredictability of fouling in tidal waters 
should be a warning to all designers faced with this problem. His 
plea for effective co-operation between the professional biologist 
and the engineer will, I hope, encourage further publications by 
operating men and designers who have experienced difficulty in 
this field. 

Mr. LaQue’s authoritative discussion on corrosion is much 
appreciated. It is the writer’s hope that further work along these 
Itnes will be undertaken within the near future. 

All the discussors have been kind enough to point to the grav- 
ity of the problem of fouling organisms to circulating-water 
systems, and the writer trusts that these discussions will lead to a 
fuller appreciation of the problem and careful consideration by the 
designers in the planning of future circulating-water tunnels. 
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Discussion 


In 1945, when there was a ban on national meetings, 
some papers originally scheduled for these meetings were 
presented before local groups. In the case of these papers 
the Committee on Publications suspended its rule, which 
requires simultaneous publication of paper and discus- 
sion, and accepted discussion based on the published 
paper. 


Irreversibility in the Theoretical 
Regenerative Steam Cycle’ 


G. M. Dustnperre.? To future workers on this subject the 
writer recommends the analysis based on 1 Ib throttle steam as 
used by the author. This seems more straightforward than to 
base on 1 lb through steam. 

The author’s Fig. 5 is a concise way of presenting the data on 
thiseycle. Butifaneed really exists for data on the properties of 
this cycle, the writer feels that neither heat-rate tables nor the 
entropy-increase diagram is adequate, for two reasons: (1) 
Reheat cannot be handled except in a roundabout manner, as 
the author points out. (2) This ideal cycle is based on net 
work, that is, turbine work less feed-pump work. The practical 
use of the data would probably be in the study of high pressures 
where pump work is relatively large. Since there is no necessary 
relation between turbine and pump efficiencies, the application 
of any sort of efficiency factor to the ideal heat rate at least 
makes the fourth significant figure look a little foolish. 

The writer concludes that the most useful form in which the 
data could be presented is (a) to use the divided cycle proposed 
by Markson,? and (5) to tabulate or plot the turbine work, pump 
work, and through steam, for 1 lb throttle steam: The corre- 
sponding heat items are readily obtained from the steam tables. 

If the pump work is required, the author’s integration is not 
directly useful as we need values of (1 — w) for J” (1 — w)odp. 


To get these, the writer has found that st ds, is more con- 

H—h, 
venient than the function used by Selvey and Knowlton,‘ as the 
curvature is less. 

When data are in graphical form, such as an indicator card, the 
logical method of integration is to use a planimeter, and not to 
pick off points for numerical integration. But when the data are 
in numerical form, as in the present case, it is equally more logical 
to use some method of numerical integration rather than to intro- 
duce the extra step of plotting a curve. 


H. G. Extrop, Jr. A completely accurate alternative to the 
author’s Equation [6] can be obtained readily in the following 
manner, 


' By R. E. Hansen, published in the October, 1945, issue of Trans 
A.S.M.E., vol. 67, pp. 557-560. 

* Department of Mechanical Engineering, Virginia Polytechnic 
Institute, Blacksburg, Va.; now on duty at U. S. Naval Academy, 
Annapolis, Md. Mem. A.S.M.E. 

* Discussion by A. A. Markson of “Theoretical Regenerative- 
Steam-Cycle Heat Rates,” by A. M. Selvey and P. H. Knowlton, 
Trans. A.S.M.E., vol. 66, 1944, pp. 504-505. 

* Selvey and Knowlton, reference (3) of the paper.! 

* Department of Marine Engineering, U. 8. Naval Academy, 
Annapolis, Md. Jun. A.S.M.E. 


Consider a regenerative cycle ABCX ZfA in the author’s Fig. 1. 
When 1 lb of throttle steam is circulated in this cycle, (1 — w) 
(s, — 8) units of entropy are rejected by the system, and (s, — s,) 
entropy units are received. The net entropy increase of both 
the system and its surroundings is given by 


AS = (1 — w)(s, — 8) — (8, — 8,).......... [1] 


The variation of AS with exhaust conditions is found by differ- 
entiating Equation [1] of this discussion 


(AS) = —(1 — w)ds, — (s, — s)dw......... [2] 


Using the author’s Equation [3] (corrected to include a minus 
sign), we obtain 


T,(s, — %) 
d(AS) = —(1 — w) {3} 


Substituting the value of (1 — w) from Equation [1] into Equa- 
tion [3] of this discussion, we find 


d( AS) 1 7, 

ds,.. . [4] 


The left-hand side of Equation [4] is directly integrable. The 
right-hand side may be evaluated in the manner illustrated by the 
author. 

A comparison of Equation [4] with the author’s Equation [6] 
shows that the author’s approximation amounts to the assump- 
tion that In(l + x) = x. Using Equation [4], we obtain for the 
example cited by the author 


In (1 + =) (5] 


c 


or 
AS = 0.5425 x 0.02922 = 0.01585.......... (6) 


The corresponding heat rate is 6000, which more closely agrees 
with the accurate value of 6001.2 computed by Shapiro.*® 


Ernest L. Roprnson.?’ When the writer first became interested 
in this subject, there were great gains to be made in station per- 
formance. In 1923 he published curves for the efficiency of the 
extraction cycle which extended up to 1000 psi and 700 F, pres- 
sures and temperatures far beyond anything in use at that time.’ 
The extraction cycle is now commonplace with steam conditions 
far above those. The gains looked forward to 20 years ago have 
been more than realized, and modern discussions are largely con- 
fined to the technique of calculation. 

The writer has always believed that the best technique of cal- 
culation is to formulate the difference from some precisely known 
relationship and then to calculate that difference with care. 


6 Discussion by A. H. Shapiro, of ‘‘Theoretical Regenerative- 
Steam-Cycle Heat Rates,’ Trans. A.S.M.E., vol. 66, 1944, p. 508. 

7 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

8’ The Margins of Possible Improvement in the Central Station 
Steam Plant,’’ by Ernest L. Robinson, Trans. A.S.M.E., vol. 45, 1923, 
p. 644. 
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Mr. Hansen has selected the Carnot cycle for his precisely known 
relationship and has proceeded to formulate the departure of the 
extraction cycle from perfect reversibility when superheated 
steam is bled. 

This is an excellent method to pursue, as it enables attention to 
be focused on the magnitude of the departure itself, and thus 
the errors of calculation become errors of the second order of 
smallness, 

The author takes advantage of this to introduce as an ap- 
proximation the assumption that the weight flow throughout the 
cycle is in inverse proportion to the entropy difference between 
steam and feedwater. The close check with the Selvey and 


Knowlton tabular values justifies the assumption. 

However, since the author uses graphic integration anyway, 
it does not seem to the writer as if it would complicate his calcula- 
tion if the correct expression for weight flow were used. When 
the writer first set down this expression, he used w to represent 
the weight flow of extracted steam per pound to the condenser. 
Thus the weight flow in the turbine per pound to the condenser is 


In evaluating the integral for high pressures it would be de- 
sirable, as Selvey and Knowlton pointed out, to allow for the feed- 
pump work. 

Thus 


l+w=e 


The author uses w to represent the weight flow of extracted 
steam per pound to the throttle. Thus, using his notation, the 
weight flow in the turbine per pound at the throttle is 

1 


SA Tds 
H—h 
e 


In conclusion the writer would like once more to call attention 
to the advantage of weight-flow curves in extraction-cycle analy- 
sis. Especially with reference to a fixed exhaust pressure, such 
as 1 in. Hg, they may be drawn on the Mollier chart as character- 
istic lines per pound to the condenser for any stage efficiency. 
With the weight flow throughout the cycle known, performance is 
easily computed from cycle input and output. This technique is 
particularly useful for actual efficiencies other than 100 per cent.® 


AscHER H. SHaprro.” The relation between Equations [2], 
[5], and [7] of this paper, and the first and second laws of thermo- 
dynamics is most obscure, due, it is felt, to the only too common 
practice of not clearly defining the system under consideration. 
What mass of material, for example, does the dS of Equation [2] 
refer to? Analysis indicates that it is the increase in entropy in 
an infinitesimal heater per unit of throttle flow. Referring to 
Fig. 1 of this discussion, we get for the increase in entropy flux of 
an infinitesimal open heater. 


TSheater = (1 — w + dw)s, — 8,dw — (8, — ds,)(1 — w) 


After simplification and combination with the “heat balance,” 
Equation [3] of the author’s paper, this becomes 


® “Notes on the Comparison of Steam Turbine Efficiencies,” by 
Ernest L. Robinson, General Electric Review, vol. 29, 1926, pp. 503- 
510. 

10 Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Jun. A.S.M.E. 


TRANSACTIONS OF THE A.S.M.E, 


APRIL, 1946 


T, 
which is identi¢al with Equation [2] of the text. Note that in 


deriving this equation it is unnecessary to allude to fictitious 
“lost-work” effects. 
Thermodynamically, the chief criticism of the writer is that the 


dur 


Sx 
HEATER 


dur 


Fie. 1 Firow D1aGraM For INFINITESIMAL HEATER 


author identifies the value of 2dSheater found from Equation [2| 
with the AS of Equation [7] of the paper. The writer sees no 
connection between this reasoning and the laws of thermo- 
dynamics. 

The actual definition of the AS of Equation [7] of the paper 
resides in Equation [7] itself. For the heat rate of the cycle we 
may write 


3412.75(H¢e — hy) 
He ha (1 W)cond, (Hp — Hg) 


Heat rate = [S| 
where the flow rate to the condenser (based on unit flow rate to 
the throttle) is found through integration of Equation [3] of the 
author’s paper, to wit 
hrottle Tydsy 
Hi—hy 
[9} 
If Equations [8] and [9], herewith, are compared with Equation 
[7] of the author’s paper, the exact definition of AS is found to be 


(l — cond 


(8¢ — 8)/(8¢ — 84) 


throttle 


ASezact = (8¢ — 84) 
{10} 


Equation [6], giving the author’s formula for AS, becomes, 
after a slight rearrangement . 


throttle T,ds 


A comparison of Equation [10] with Equation [11] of this 
discussion shows that the author’s formula for AS is correct only 
when 


throttl 
[12] 
8¢ — 84 cond H, — h, 


or, in other words, only when AS is identically zero. 

Equation [12] is not a thermodynamic identity, and can at best 
be satisfied only approximately. It appears that for the cases 
given in the author’s Table 2, the agreement is fairly good. 
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DISCUSSION 


Taking, for example, the steam conditions of Table 1, we get 


_T ds, 
H, — hy 


8 throttle 
Cc G 
loge a = 1 .006; 


8c — 84 cond 


= 0.977* 


Since the author’s method apparently rests on the fortuitous 
fact that Equation [12] is approximately satisfied when steam is 
the working fluid, an important consideration concerns the 
maximum error which might be incurred through its use. For 
example, is one likely to encounter considerably greater errors 
than the largest error in Table 2, viz., 7 Btu per kwhr? 

As regards the author’s claim that his method requires less 
labor of computation than that of Selvey and Knowlton, attention 
is called to the writer’s discussion of the Selvey and Knowlton 
paper. In that discussion it was shown that Selvey and Knowl- 
ton’s procedure could be improved slightly as regards the thermo- 
dynamic analysis itself, and improved in considerable measure as 
regards computation technique. The method employed in that 
discussion was essentially equivalent to integrating Equation [9] 
of the present discussion’ with the aid of Simpson’s rule and then 
substituting in Equation [8] of the present discussion to solve for 
the heat rate. With steam conditions of 3200 psia, 1200 F, 1 in. 
Hg, it was found that with only four calculations similar to those 
of Table 2 in the present paper, heat rates could be calculated 
with an accuracy of about 1 or 2 Btu per kwhr. With eight such 
calculations, the accuracy of the method is of the order of 0.1 or 
0.2 Btu per kwhr. 


H. Le H. Smrru.'! The author’s three-dimensional considera- 
tion of temperature-entropy-quantity of steam is of special in- 
terest. Some of the general treatment raises questions of rigor, 
where fluid quantities are spoken of when fluid rates of flow are 
seemingly meant, 

In dealing with adiabatic expansion and the resulting theo- 
retical cycles, the treatment does not come to grips with reality. 
The author says, “Usually engineers are reluctant to utilize the 
concept of entropy except when it remains constant,.....’" Can 
these things be? 

The problem of the heat-cycle loss when superheated steam is 
bled for feedwater heating is an important problem, but surely its 
importance in a realistic sense is in application to real turbines, 
expanding nonadiabatically. 

Toward the end of the paper explicit statements are made con- 
cerning the procedures by which the method could be modified to 
transfer it from the status of dealing with an unrealistic hypo- 
thetical turbine to that of dealing with a real turbine. 

It would be an enlightening contribution if the author would 
make this transfer in a supplementary paper. 


AUTHOR’s CLOSURE 


The suggestion by Lieutenant Elrod eliminates the approxi- 
mation to which objection is made in two of the discussions, 
without adding appreciably to the work involved. However, 
the error introduced by the approximation is negligible at any 
temperature likely to be employed in practice for some time to 
come, as may be shown by solving Equation [5] of the discussion 
for AS, letting A equal the area found graphically or otherwise. 

AS = (Sc — S,)(e4 — 1)... 
The exponential may then be expanded into an infinite series, by 
means of Maclaurin’s theorem. 


” The value 0.977 is taken from the writer’s discussion of the Selvey 
and Knowlton paper, author's reference (3). 

‘ Supervisor, Power Department, B.M.T. Division, Board of 
Transportation, City of New York. Mem. A.S.M.E. 


At AB A* | 
e=1+A+—-+ +... + [14] 
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The approximation employed in the paper amounts to reject- 
ing all terms beyond the second. If the value of A so found is of 
the order of 0.03, as in the example worked out in Table 1, the 
error introduced through letting (e* — 1) equal A, amounts to 
0.00045, which would affect the heat rate by approximately 2 
Btu per kwhr. If the value of A is 0.0014, as in the third line 
of Table 2, the error amounts to 0.000001, which would affect 
the heat rate by less than 0.01 Btu per kwhr. There is thus no 
justification for assuming that the discrepancies shown in Table 2 
are due to this “approximation.” The author has solved Equa- 
tion [9], using Simpson’s rule with eight intervals, and obtained 
a heat rate at 400 psia 700 F throttle conditions of 8228.3 Btu 
per kwhr. This indicates that a major part of the discrepancy 
referred to may be attributable to inaccuracy in the Selvey and 
Knowlton value of 8222. 

Solution either of Equation [6] of the text or of Equation [13] 
just given is facilitated by the use of Simpson’s rule. The follow- 
ing have been computed from data given in Table 1, by plotting 
the figures in column 10 and reading values at desired intervals. 


Heat rate, 
No. of intervals A 4S Btu/kwhr 
2 0.0284 0.0156 5999 
3 0.0288 0.01585 6000 .4 
4 0.0288 0.01585 6000 .4 
8 0.0290 0.01595 6001 .2 


Three intervals! are sufficient to obtain an accuracy within one 
Btu per kwhr, compared with eight necessary if Equation [9] is 
used. At throttle temperatures below 1000 F, probably two 
intervals would prove ample. A. still rougher approximation 


S,— Se 1 T 
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The derivation in the paper is predicated on one pound of 
throttle steam. The time interval involved does not enter the 
discussion, hence it is unnecessary to employ terms indicating 
flow rate. 

The manner in which reheat may be handled, merely by addi- 
tion of the AS for each expansion, seems to the author exceedingly 
simple. Commander Dusinberre’s observations regarding tur- 
bine and pump work are apt. However, it does not appear that 
theoretical pump work can be of much value, inasmuch as actual 
feed-pump work usually bears little relation to the theoretical. 

It has been pointed out that much remains to be done before a 
rapid method of estimating real plant heat rates with high accu- 
racy can be made available. The intention in the present paper 
has not been to indicate exactly how this may be done. It has 
rather been to clarify the concept of regeneration in the superheat 
region as an irreversible process, as implied by the title chosen, 
with the particular purpose of showing how quantitative results 
may be obtained. 

One further step may be taken in the direction of actuality by 
making an analysis similar to Lieutenant Elrod’s, but considering 
Sx to be variable, and letting feed-pump efficiency be m (assum- 
ing motor-driving the feed pump to have 100 per cent efficiency). 
This leads to the following 


would be 


AS = (Sc — +) —1)......... 

12 Statement of Simpson’s rule given in most handbooks applies 
only for an even number of intervals; with three intervals, y being 
the value in Table 1, column 10 


Ava (yo + + 3y2 + ya) 
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in which 


| | 
= 


All integrals are of course between limits of throttle and con- 
denser pressure. (Statement in paper that “‘ AS value because of 
irreversibility in turbine expansion can be read from the expan- 
sion curve” is obviously incorrect, as such a value would not take 
into account the reduced quantity of steam reaching condenser. ) 
Of the three components of the exponent, only b would be com- 
parable in magnitude with the exponent to be evaluated if Equa- 
tion [9] is employed, béing of the order of half of the latter. Us- 
ing Simpson’s rule, not more, and probably fewer, than eight in- 
tervals would be required. If the steam flow is wanted, it can be 
found from the following 


(Sc — Sa) 
( w) | a. e {20 | 


The inference may be drawn that other factors could be de- 
vised to be added to the exponent in Equations [16] and [20], 
to cover other departures from complete reversibility. 


Development of the Lysholm-Smith 
Torque Converter' 


AUTHOR’s CLOSURE 


The author regrets that owing to wartime conditions, he has 
not been able to close the paper before. 

Mr. Eksergian agrees with the author that the flow of a multi- 
stage réaction converter increases with reduced speed. The in- 
fluence of this increased flow on the input torque is, however, not 
correctly interpreted by Mr. Eksergian. By using his theory, the 
input would increase on both sides on the optimum point, which 
is not substantiated by the test results. For the converter in 
question, the last turbine stage acts like a guide to the pump im- 
peller giving a counterrotating vortex. The higher the second- 
ary speed is, the less the circulation of this vortex will be, causing 
an increased unloading of the impeller. It has also been confirmed 
by tests made by the author that if a stationary guide is arranged 
before the pump impeller, the input torque will be substantially 
constant near the optimum point but, due to the increased flow 
decreases somewhat at stalling and racing. The dimensions of 
the various parts of the converter may be obtained from Fig. 1, 
which is drawn to a scale of 1:6.7. 

Mr. Wislicenus comes to the conclusion that by using the equa- 
tion given below Fig. 2, the actual pressure drop will be twice as 
great as derived from Equation [1]. This is not correct, as Equa- 
tion [1] applies both to guide and rotating blades, thus making 
up for the missing factor of 2. The author regrets that this was 
not stated in his paper. 

The author agrees that it is very difficult to separate losses in a 
hydraulic converter. The approximate method used when com- 


1 By A. Lysholm, published with discussion in the July, 1944, 
issue of the Transactions of the A.S.M.E. Because of wartime con- 
ditions the author was unable to submit a closure. 
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puting Table 1 was to estimate leakage, rotation, and mechanical 
losses according to usual formulas and try to balance the remain- 
ing losses in a reasonable way to correspond to the total losses ob- 
tained by the tests. 

The carry-over losses are the losses in the open space between 
turbine and pump, or vice versa. 

The author’s Equation [2] was taken over from a similar equa- 
tion used for calculating losses of the Ljungstrém double-rotation 
steam turbine. As shown in Fig. 4, this factor is by no means 
constant, but varies considerably over the range of inlet angles. 

The rate of flow indicated in Fig. 2 is valid for constant input 
horsepower—that is to say, a constant value of QZ Ah. The 
values have been computed from test data for a great number of 
primary and secondary speeds by means of a Pitot tube fitted af- 
ter the guide blade C in Fig. 1. This characteristic has to be ac- 
cepted as correct on account of these tests, but it is also possible 
to confirm the test results by the cut-and-try method described 
below Fig. 2 in the paper. 

A. LysHouM.? 


Experimental Study of the Flow 
of Coal in Chutes at Riverside 
Generating Station’ 


R. F. Leacer.? This lucid account of an exhaustive experi- 
mental study into a complex operating problem has proved of 
unusual interest to the writer since he was working on an allied 
problem at the University of Toronto, apparently simultaneously 
with the authors of the paper. His findings, which to some ex- 
tent supplement those of the authors, will be presented at a fu- 
ture date. 

The writer’s investigation was concerned with the clogging of 
bituminous coal in the large reinforced-concrete bunkers of the 
new steam-generating plant of the Polymer Corporation at 
Sarnia, Ontario. A model of a bunker was used, one-twelfth 
full size, but made of wood and not of such a convenient material 
as pyralin. The grading of the coal used did not correspond with 
that shown.in Fig. 1 of the present paper; however, the coal used 
for experiments was modified as the authors suggested. 

In all the experiments conducted at Toronto, no “‘scale effect” 
was noted, and the writer is therefore puzzled by the authors’ 
statement with regard to this matter, especially since it is difficult 
to see what should cause a difference between the behavior of 
coal in model and prototype. Possibly the authors will discuss 
this matter further in their closure. 

The comment given on the use of “wetting agents’ confirms 
the writer’s experience; he cannot but think, however, that in 
some way these remarkable chemical products may one day as- 
sist in the solution of problems involving the movement of coal. 

In view of the differing character of the units being studied, it 
is the authors’ interesting discussion of the physical properties 
of the coal which provides the closest link between the two in- 
vestigations. Although the approaches to the study of the prop- 
erties of coal were somewhat different, the moisture content is 
paramount in both. Accordingly, it would be helpful if the 
authors would state how their moisture contents are expressed, 
i.e., as percentages of the dry or of the wet weights of coal. 


2 Consulting Engineer, Stockholm, Sweden. 

1 By E. E. Wolf and H. L. von Hohenleiten, published in the 
October, 1945, issue of Trans. A.S.M.E., vol. 67, pp. 585-599. 

2"Associate Professor of Civil Engineering, University of Toronto, 
Toronto, Ontario, Canada. 
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Failure of Ductile Metals in Tension 


By G. SACHS? anv J. D. LUBAHN,? CLEVELAND, OHIO 


The extensive fabrication of aluminum-alloy sheet in 
the aircraft industries has revealed the lack of fundamen- 
tal knowledge regarding the phenomena which explain 
the performance of metals under various stress and strain 
states. Previous investigations appear to have neglected 
entirely both the effects of the part geometry and the fact 
that the strength of the metal and limit of forming are 
frequently determined by a process of instability, or 
“necking,” rather than by the process of fracturing. 
In this paper a theory of necking is developed in order to 
predict the forming limits for various stress or strain states 
based upon an analysis of the true stress-strain curve in 
pure tension. A criterion for necking is advanced, based 
upon the maximum-load (or pressure) conception of in- 
stability, and is applied to different geometrical shapes 
formed at room temperature. Future publications will 
present, in support of the criterion advanced, experimental 
analyses of the forming of different geometrical shapes 
under various loading conditions and stress and strain 
states. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = cross-sectional area 

e = ordinary principal strain = ~——" 

F = tensile load 
Foax/A = stress at maximum load point 

L = length of longitudinal element 

p = internal pressure in tube, sphere, or circular bulge 

R = radius of curvature to inside surface of thin-walled 

tube, sphere, or circular bulge 
8 = principal stress 
h = thickness of element, or wall thickness of a tube or 
sphere 

= volume of element 
= width of element 
= natural strain or logarithmic strain = In (1 + e) 
subscript denoting conditions before straining 
subscript denoting direction of principal stress or strain 
of greatest algebraic value 
2 = subscript denoting direction of principal stress or strain 

of intermediate algebraic value 


' This paper is one of a series of reports on the research program 
on hot-forming of aluminum alloys conducted at Case School of 
Applied Science under contract with the Office of Production Re- 
search and Development of the War Production Board. This re- 
search, which was supervised by the War Metallurgy Committee 
under the “restricted” project NRC-547, is the basis of this paper 
which has been released for publication by the OPRD. 

* Professor of Physical Metallurgy, Department of Metallurgical 
Engineering, Case School of Applied Science. Mem. A.S.M.E. 

9 . Department of Metallurgical Engineering, Case School of Applied 
cience, 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tue 
American Society of MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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3 = subscript denoting direction of principal stress or strain 
of least algebraic value 


INTRODUCTION 


r NHE general term “forming limit”? may cover a variety of 
fundamentally different metal characteristics. It generally 
defines the maximum strain, or rather the magnitude and 

state of strain, which may be achieved with a certain type of 
equipment. This forming limit may be determined by the 
“cohesive” strength or “ductility” of the metal, which is often 
considered to be the only forming limit. However, a process may 
be limited by the strength of the equipment rather than by the 
ductility of the metal. In many commercial processes, particu- 
larly those of the compression type, the maximum strain is 
limited only in this manner. 

Another rather peculiar type of forming limit results from a 
condition of loading which causes a local breakdown of the 
metal. A generally known and much discussed group of phenom- 
ena of this type is called “buckling.” The buckling of a 
slender structural member limits its strength in a manner quite 
comparable to a brittle failure. Besides those phenomena of 
buckling discussed in textbooks on elasticity, there is also a 
variety of types of plastic buckling known which limit the 
forming under certain stress states, such as the wrinkling of 
deep-drawn cups and the folding of sunk or necked tubing. 

The general characteristics of buckling may be defined as a 
load condition where an increase in strain occurs without an in- 
crease or with a decrease in load. Such an instability, there- 
fore, should occur always when the load F goes through a maxi- 
mum, or when the differential of the load becomes zero 

F = maximum dF =0 

This condition determining the forming limit in buckling 
also applies to another group of instability phenomena, the best 
known representative of which is the local “necking” of a part 
strained in tension. When the load passes through a maximum, 
and the strain increases by a small amount at some location, 
this location becomes less strong in comparison with the re- 
mainder of the part. Then all further strain will occur here 
while it will discontinue at other locations, thus resulting in a 
“neck.”” The necking of a regular tensile-test specimen has at- 
tracted considerable interest, and numerous publications deal 
with stress-strain conditions conducive to necking (1-7).* 

The condition of necking for pure tension can be written as 
follows: 


dF = d(As) = 0 


where s is the true stress corresponding to a cross-sectional area 
A. This rather lucid formulation of the necking condition re- 
lates the instability to the fact that the rate of increase in ten- 
sile load by the increase of stress (due to strain-hardening) is no 
longer able to compensate for the decrease in tensile load be- 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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cause of decreasing cross-sectional area. The necking condi- 
tion in this form has been applied to processes other than uni- 
axial tension, such as a sheet subjected to biaxial tension (13), 
a rotating disk, and a tube subjected to internal pressure (8, 9, 

In order to develop an instability condition that is applicable 
to the wide variety of commercial conditions of loading and geom- 
etry, the original maximum-load conception must be extended. 
Already it can be concluded from previous analyses that the 
instability of a flat sheet and of a tube subjected to the same 
stress state occur at different strains. Therefore the concep- 
tion is advanced in this paper that instability occurs, or ‘“neck- 
ing” begins, if, with increasing strain, one of the external loads 
passes through a maximum. So far only the tensile load has 
been considered (dF = 0). However, the primary source of 
stress in parts subjected to internal pressure is this pressure p 
and consequently instability should then occur when 


p = maximum dp = 0 


The purpose of this and subsequent papers will be as follows: 


1 To develop the conception that under various load and 
geometrical conditions the forming limit for a homogeneous 
metal may be determined by instability, and to associate this 
“necking” with a maximum in either the tensile load or the in- 
ternal pressure, as discussed previously. 

2 To develop a theory of instability which may be applied 
to the stress-strain curve as experimentally derived for the 
load conditions and geometrical conditions actually present. 

3 To extend this criterion of instability to predict the form- 
ing limit for any stress state and condition of geometry con- 
sidered, using only the stress-strain curve in pure tension. 


In the present analysis equations have been developed which 
apply to actual relations between the stresses and strains that 
exist during a particular type of test on a particular material. 
These relations, which are necessary in order to predict the 
necking strain, may be determined experimentally in a simple 
manner for certain conditions of geometry and loading, such as a 
tube subjected simultaneously to internal pressure and longi- 
tudinal tension. In this case the stresses and strains are calcu- 
lated readily from the measured load, the pressure, and the di- 
mensional changes, such as the changes in length and diameter 
of a tube. However, in other instances of geometry, such as a 
circular hydraulically formed bulge, a tedious experimental 
analysis and possibly also a theoretical analysis is necessary to 
establish the stress-strain relations that are required for the 
application of the derived necking condition. 

Experimentation generally supplies the three principal stresses 
and the three principal strains for each point of the test, 
thus defining completely the stress and strain states, respec- 
tively. To apply the graphical construction, particular stresses 
and strains, or functions of these, must be selected to yield a 
suitable stress-strain relation. It would be desirable that 
various stress states could be represented by a single, or “uni- 
versal,” stress-strain curve, by plotting a suitable function of the 
three principal stresses versus a suitable function of the three 
principal strains. There are several possibilities, and the ques- 
tion as to which is the most suitable is still a matter of consider- 
able argument. In most problems of plasticity the simplest 
possible condition has been found to yield sufficiently accurate 
results. 

The following analysis applies only to biaxial-tension stress 
states, defined by the fact that the algebraically smallest prin- 
cipal stress s; is zero. In this case the larger of the two tensile 
stresses s,, may be plotted versus the numerically largest of the 
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three natural principal strains, as the simplest possible concep- 
tion that yields a nearly universal stress-strain relation.§ 

Other stress and strain functions yield stress-strain curves for 
various stress states which agree more closely, but also which 
require more elaborate calculations. It should be noted that 
two of the stress states which are considered particularly in this 
paper, namely, pure tension and balanced biaxial tension, yield 
identical stress-strain curves, according to any of the recognized 
theories. The stress state which may be particularly affected 
regarding the accuracy of the solution by any such assumption 
would be the condition of plane strain which is intermediate be- 
tween pure tension and biaxial tension. 

The present approach to the problem has the particular ad- 
vantage that the resulting differential equations allow the direct 
determination of the necking point on the experimental or 
equivalent stress-strain curve, using a simple geometrical con- 
struction. Also, the equations derived in this paper are basic, 
and may be extended to include any desired universal stress-strain 
relation. Finally, the stress may be approximated algebraically 
as a function of the strain, to permit an algebraic rather than a 
graphical solution. However, considering the rather large 
amount of work which such an algebraic analysis requires, it 
appears that the graphical method of solution is more flexible, 
is more lucid, and offers less possibility of error; consequently, 
this will be used in the analyses in subsequent publications. 

Regarding the effect of the part geometry on the instability 
strain for balanced biaxial tension, it will be shown that the 
results are rather different for the three types of curvature, or 
changes in curvature, represented by (a) a flat sheet, (b) a sphere 
under internal pressure, or tubing under longitudinal tension 
and internal pressure, and (c) a circular hydraulic bulge formed 
by pressure from flat sheet. Previous experimentation confirms 
the results of some phases of the theoretical analysis, and addi- 
tional evidence will be submitted in subsequent publications. 


NECKING OF A TENSILE TEST SPECIMEN 


The well-known necking of a ductile tensile test specimen has 
been recognized by Considére (1) and Ludwik (2), as a phenom- 
enon of instability. It is associated with a maximum in the 
load-strain diagram. As long as the load F increases, the speci- 
men stretches approximately uniformly over its length,® while a 
decreasing load indicates necking. 

(a) If s,; is the true principal stress, i.e., the load F divided 
by the actual cross section A of the metal, the beginning of 
necking is given by the condition (see Sachs, 7) 


F = 3A = maximum 


dF = 0 = Ads, + 


As illustrated in Fig. 1, the point of necking, or maximum load 
point, is a point in the s; versus A diagram, such that the tan- 
gent at this point intersects the ordinate at A = 0 at a height 


5 This is a special case (for biaxial tension) of the conception that 
all stress states yield identical stress-strain curves if the maximum 


2 


shear stress is plotted versus the maximum (absolute) 


natural strain. 

¢ The “uniform” strain is considered as the presumably constant 
value of strain encountered at room temperature outside necke 
areas along the length of a sufficiently long tensile specimen. This 
value represents the greatest strain the metal will exhibit without 
necking under ideal conditions. 
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This solution becomes particularly simple if the s; versus A 
diagram is a straight line in the vicinity of the maximum load 
point, as shown by Koerber (4), and pointed out previously by 
Moellendorff and Czochralski (3); see also Koerber and Rohland 
(6). 

(b) The strain may also be expressed by the stretch e; of a cer- 
tain length, L = Ly (1 + e,), determined by the constancy of 
volume V 


8 
ving a slope value of — F (see footnote’). 


V = = LA = Lo (1 + 


where the subscript zero denotes conditions before straining 
The condition of necking then becomes 


F = Ao = maximum 
1 + 


1 + ej (1 + €,)? 


ds, 8) 
= 


In the s; versus e, diagram, Fig. 2, the maximum load point is 
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determined by the condition that its tangent shall intersect the 
abscissa at a value e, = —1, yielding a slope equal to s,/(1 + 
€,), see Considére (1), Nielsen (5), and Gensamer (13). 

(c) By a third method which will be used generally throughout 
this paper, the strain can be expressed as the natural strain 


d 
de = 
1 
The necking condition then can be written (see Equation [1a]) 
ds, 
— = 1b 
dn 8) [ ] 


As illustrated in Fig. 3, the maximum load point may be deter- 
mined by the condition that its tangent intersects the abscissa 
of the s, versus ¢ diagram at the value —(1 — «), yieldi-g the 
slope s;/1. 


In the graphical solution for a particular metal, using experimen- 
tal data, it is More accurate actually to plot the slope (ds:/dA) and 
the ratio (s,/A) against A and note their intersection (see also Fig. 9), 


— than use the type of construction indicated in the various 
gures, 
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Fig. 3 ConstrucTION OF THEORETICAL NECKING CONDITION IN 
Pure TENSION FOR 8 VERSUS € CURVE 


NECKING OF FLAT SHEET UNDER BraxtAL TENSION 


When a flat sheet is subjected to biaxial tension, the normal 
stress s; is zero, and the maximum shear-stress condition indi- 
cates that the largest principal stress s, (2 times the largest 
shear stress) is always the decisive stress. 

Under these conditions, the stress-strain curve becomes very 
similar to that for uniaxial tension if this decisive stress is plotted 
against the decisive strain, i.e., the numerically largest principal 
strain. Considering the intermediate natural strain e, two 
general cases of biaxiality arise. When ez is less than zero, & 
remains the decisive strain; when e2 is positive (but smaller than 
«, according to definition), e; becomes the decisive strain. 

(a) The general condition of instability (necking) for a flat 
sheet will now be postulated to be the occurrence of a maximum 
in the force applied in the direction of the maximum tension a, 
this resulting in the same equation as for uniaxial tension Equa- 
tion [1] 


F =3,A = maximum 


dF = 0 = 3,dA Ads, 


ds dA 
2 
[2] 
Using the constant-volume condition 
A = Ag (1 + e) (1 + @3) 
dA = Ay +. €;) des > Ay + €2)de3 [3] 
dA dez de; 
A ee 
The general instability condition, Equation [2], becomes 
d. 
$1 
ds 


(b) Strain «, remains decisive for any biaxiality where 0 > e > 
— % the limiting conditions being uniaxial tension (e. = —e,/2) 


and plane strain (e = 0). For this whole range of biaxiality, 
therefore, the same condition Equation [3b], applies as that for 
uniaxial tension 

ds, 


de 


For the case of plane strain, Baranski (10) has observed pre- 
viously that the natural necking strain is practically the same as 
for pure tension. 

(c) For biaxialities where « > €, > 0, ¢; becomes the decisive 
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strain, the limiting conditions being plane strain (eg = 0) and 
balanced biaxiality = = — «;/2). 
Introducing the quantity n, defined by 


where !/; > n > O (for e; being decisive), the basic Equation [3a] 
becomes 


This equation can also be solved graphically. 

(d) In the special case of balanced biaxial tension, e, = —e;/2, 
n = '/;, and the instability condition assumes the following 
form 
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this pressure reaches a maximum. For a thin-walled tube hav- 
ing an initial inside diameter 2) and an initial wall thickness 
ho, this pressure is given by the well-known equation 


mate) 


where ¢, and e; are the circumferential and normal strains, re- 
spectively. 

This condition should apply for any condition of biaxiality 
where the circumferential stress is the decisive stress (and 
possibly also for conditions where the longitudinal stress is the 
decisive stress). 

Regarding the decisive strain, again two conditions arise, 


where 0 > e > — a and where « > e: > 0. 


ds 1 
[5] (a) The general condition of instability, Equation [6], can 
81 now be written as follows 
or 
ho 1+e; dey de, (1 + 3) 
dP =0 = —| ds 
€3 
This yields the final equation 
As shown by Gensamer (13), the graphical solution of this equa- 
tion can be obtained by the same method as employed in Fig. 3 ds, + de; 7 de, __ _ (6a] 
and illustrated in Fig. 4. ten 148° 
or 
ry BALANCED BIAXIAL TENSION 
ds; ds 
| PLANE STRAIN + deg — de = O.......... |6b} 
(b) For pure (uniaxial) circumferential tension, « is 
the decisive strain, and = = — Conse- 
quently, the instability condition, Equation [6b], as- 
1 sumes the following form 
2 
ds, 3 
Fic. 4 Construction oF THEORETICAL NECKING CONDITION IN ae = i 
BraxiaL TENSION FOR 8 VERSUS € CURVE 
or 
(e) In the limiting case of plane strain, « = 0, « = —e:, ds, 8 7 
n = 0, the two solutions, Equations [3b] and [8c], yield identical de 2/3 [7] 


results (see Figs. 3 and 4) 
ds, 


de; = de 
81 
It can be seen that for identical stress-strain curves, as noted 

previously, es at the maximum load point of balanced biaxial 
tension is much larger than « at the maximum load point of 
uniaxial tension, Fig. 3. Thus the uniform stretch in balanced 
biaxial tension, «, = —e;/2, must be greater than one half the 
uniform stretch in pure tension, and may be either larger or smaller 
than the uniform stretch in pure tension, depending upon the 
strain-hardening characteristics of the metal. 


INSTABILITY OF THIN-WALLED TuBES SUBJECTED TO INTERNAL 
PRESSURE 


The condition for the necking of a thin-walled tube subjected 
to internal pressure has not been thoroughly understood up to 
the present time. Some attempts by Laszlo (8, 9) and Siebel 
and Kopf (11) indicate that such a tube will neck at consider- 
ably smaller strains than a tensile test specimen of the same 
material. 

It appears that the uniform strain of a tube subjected primarily 
to an internal pressure p, is determined by the condition that 


This latter form can again be solved graphically by the method 
of trial and error, Fig. 5. A comparison with the condition for 
pure tension for which the same stress-strain curve exists, Equa- 
tion [1b], shows clearly that the tube would become unstable 
at a smaller circumferential strain than the (longitudinal) neck- 
ing strain of a tensile test bar. This difference is due to the 
change in curvature, rather than to differences in the stress state. 


(c) the decisive strain remainse,. Introducing 
the relation 

= = (+n le [8] 


where 1/2>n> 0, the general condition of instability can be 
written as follows 


(d) For plane strain, ¢, = 0, = 0, and the instability condi- 
tion then becomes 


ds; 
— = —de(1 — n)................ [de] 
81 
- 
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The graphical solution for this case of biaxiality is T 
also illustrated in Fig. 5. The circumferential strain TENSION day on BALANCED BIAMIAL 
at which the tube would become unstable, under such i) are TENSION: 
ne | PURE CIRCUMFERENTIAL ds, 
conditions, would be still smaller than that for a tube TENSION: ds Yor \ as 
subjected to pure circumferential pressure. i 
(e) If > 0, the decisive strain becomese. Us- RAIN: | 
ing the relation of Equations [8] dé 
| 
n | \ 
where 0>n> — 1, the general condition of instabil- » | 
ity can be written as follows (see Equation [6c]) -—_ 4 —____- 
ds, 2—n 
— = de, | ——]........... [6d | Fig. 5 Construction or THEORETICAL NEcCKING CONDITION IN 
8 Tusine Unper Various Stress STaTEs 
(f) For balanced biaxial tension, = ¢ =— 4 — for tubing under balanced biaxial tension, Equation [10], the 
2 graphical solution of which is illustrated in Fig. 5. 
and the instability condition yields the equation 
INSTABILITY OF CIRCULAR HyYDRAULICALLY ForRMED BULGE 
8 
—-_— — ee TTT ee {10] The criterion for necking presented here is limited to uniform 
des 2/3 


The same graphical solution now applies as for pure circumferen- 
tial tension, Fig. 5, the decisive strain, however, being «. The 
circumferential strain, in the case of balanced biaxial tension, 
however, would be only one half of that for uniaxial circumfer- 


€ 
ential tension, because of ¢ = — 4 As noted previously, in 


balanced biaxial tension, approximately the same curve is ob- 
tained by plotting s; versus ¢; as that obtained in uniaxial tension 
by plotting s; versus ¢. Furthermore, Equations [10] and [7] 
apply, respectively, to these two curves in the same manner, 
yielding as the solutions identical values of necking strain (¢; and 
a, respectively). In the case of balanced biaxial tension, how- 
ever, the uniform stretch «¢,, which is only one half of the normal 
instability strain ¢s is therefore also only one half of the uniform 
stretch in uniaxial circumferential tension. 


INSTABILITY OF THIN-WALLED SPHERE SUBJECTED TO INTERNAL 
PRESSURE 


The same approach as used for a tube should be valid when 
applied to a sphere subjected to an internal pressure, p. The 
pressure for a sphere having an initial diameter 2 and an initial 
wall thickness fo, is given by the well-known equation 

h hol + @s 


— = 23, —— 


+ 


where s; = gs, is the tensile stress and e; = e, the tangential 
strain (in the surface of the sphere), and e; is the normal (and 
decisive) strain, 

The instability condition then becomes 


ho 1 + es de; de; (1 + e@;3) 
0 1+ ¢ (1 + 
or 
ds, de; de, 
or 
d 
+ da — da = 0 (11] 
1 


And using the relation 4=— 2 the same equation results as 


stress and strain states over the region in question. This re- 
quires that for any section of the specimen both the thickness 
and radius be uniform at any instant during the test, and that 
there be no variation of metal properties throughout the speci- 
men. 

During the bulging of a thin circular disk clamped at its 
periphery, neither the thickness nor the radius is uniform over 
the entire bulge. However, experimentation has shown that 
at and around the pole there is a rather large area which is close 
to spherical and where the magnitudes of the stresses and strains 
are nearly constant. Consequently, an analysis similar to that 
used for other geometrical shapes should be applicable. The va- 
lidity of this conception has been verified by experiments which 
will be presented in a later publication. 

Fundamentally, the same condition should determine the 
strength of a ductile disk, subjected to hydraulic pressure, as 
that which determines the strength of a sphere subjected to in- 
ternal pressure, namely, that when the pressure p, reaches a 
maximum, instability should occur, provided that the metal is 
sufficiently ductile to “neck” before fracturing. This pressure 
p is given, as in the case of the sphere, by the equation 


ho(1 + es) 
= 


p= 


where 8; = 8 is the tension at the pole of the bulge, at which 
location the highest strains are exhibited, and e; = e2 and e; are 
the tangential strains and normal strain, respectively, Fig. 6. 
The necking condition in terms of the strain es; then becomes 


dp = 0 = 2he (as, +8 +) 
or 
a 
81 R 1 + 


This equation can be written in the logarithmic form* 
s;) = d(In R) — deg 

or 
d(ins,) (in R) 
de, 


Sin = log, 
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FINAL THICKNESS (h) NX a. b. 
4 =h,(1+e. 
AE; 
= 
d(inR) 
&> — (4) —— a] 
lin R) 
+/ 
Fig.6 Srress AND STRAIN STATE AND GEOMETRICAL CONDITIONS IN / 
A CIRCULAR BULGE a3 
This equation differs from that of a sphere because the radius THEORETICAL POINT OF 
of curvature in this case is an unknown function of the strain. —— oe MECKING 
No theory of bulging is yet available which would yield the cur- -% 5) 
vature during bulging if the other quantity were known. There- a ditties cidiliadin 
fore, a graphical solution, based upon experimentally determined IN A FLAT PLANE 
values of stress, strain, and curvature, is necessary. The stress- SF 
strain curve, 8; versus ¢;, and the radius-strain curve, R versus 6, 
are necessary in order to determine the two functions ss 
dts 
_,d(nR) 
and 
de; des 
The radius is determined experimentally from contour measure- &3 


ments. The normal strain ¢ is calculated from the meas- 
ured tangential strains e; = e; according to the equation 


€3 n +e)? 


The stress is determined from the experimentally measured quan- 
tities, radius, pressure, and tangential strain, related by the fol- 
lowing equation 


_ PR (1 +e)? 
2to 


81 


These values can be employed in the graphical solution of 
Equation [12]. Thus, as shown in Figs. 7(a) and 7(b), In R and 
In s; are plotted as functions of «, (€; being negative). The 
values of 


des de, 
are determined from these curves and plotted as functions of 6, 
Fig. 7(c). The es value at the intersection then determines the 
strains at the necking point, according to 


4 =e 


This strain value is considerably higher than that for the 
sphere and usually also higher than that for plane biaxial stress, 
because of the decrease in radius R, with increase in strain. 
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The Necking of Tensile-Test Specimens 


By J. D. LUBAHN,? CLEVELAND, OHIO 


The conventional tensile test is the basis of acceptance 
tests, and its results are extensively used to evaluate the 
structural metals regarding their relative performance in 
forming and their strength in service. However, it appears 
that the significance of the phenomena encountered in a 
tensile test are little understood, in spite of a large num- 
ber of investigations. In this paper, the strains encount- 
ered in long rectangular tensile-test bars of the aluminum 
alloys 24S-O and 24S-T have been investigated in detail. 
The theoretical conceptions previously advanced,’ re- 
garding the necking of tensile-test bars, have been con- 
firmed experimentally. 


HE present theory of necking correlates the occurrence 

of a maximum in the external load with a change in the 

strain condition from a uniform strain state to a nonuni- 
form strain state, i.e., local necking. The simplest example of 
uniform stress and strain conditions throughout the metal should 
be that encountered in a regular tensile-test bar which is sub- 
jected presumably to ‘‘pure tension” before necking occurs. 

The validity of the necking condition for test bars strained in 
“pure tension”? has been the subject of numerous investigations 
listed in a previous paper.’ Recently, however, the existence of a 
really uniform strain in a tensile test bar has been considered as 
doubtful. It must be emphasized that commercial metals are 
not entirely uniform, and therefore their strains in pure tension 
will be nonuniform to an extent depending upon the variations 
in metal properties. Frequently, also, test bars and sections that 
are stretched commercially lack uniformity of cross section along 
their length and these variations likewise cause the strains to be 
nonuniform even before instability, or “‘necking,’’ occurs.‘ 

In addition to the foregoing considerations, the stress state of 
a standard tensile-test specimen at failure is rather complex as a 
result of two factors: (a) The transverse tension near the ends 
of the gage length, because of enlarged “heads’’ of the specimen; 
and (b) the transverse tension in the neck itself, which is in effect 
a notch of large radius of curvature. In a relatively short gage 
length, such as that of a standard tensile-test specimen, it has 
been observed that the regions where lateral contraction is re- 
strained, corresponding to the two regions of lateral tension just 


_ 


1 This paper is one of a series of reports on the research program on 
hot-forming of aluminum alloys conducted at Case School of Applied 
Science under contract with the Office of Production Research and 
Development of the War Production Board. This research, which 
was supervised by the War Metallurgy Committee under the “‘re- 
stricted’ Project NRC-547, is the basis of this paper, which has been 
released for publication by the OPRD. The project was directed by 
G. Sachs, Case School of Applied Science. 

? Department of Metallurgical Engineering, Case School of Ap- 
Plied Science. 

*“Failure of Ductile Metals in Tension,” by G. Sachs and J. D. 
Lubahn, published on pages 271-276 of this issue of the Transactions. 

‘The results of recent tests show that these variations are large, 
even under the most accurate conditions of material selection and 
machining. Variations in strain along the length of the specimen 
may be corrélated directly with variations in initial cross section. 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tus 
AMERICAN SocIeTy OF MECHANICAL ENGINEERS. 

OTE: Statements and opinions advaced in papers are to be under- 
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described, may overlap. This makes it impossible to determine 
by strain analysis of a standard (American) tensile-test specimen 
any such strain as the uniform elongation, or the strain under 
conditions of uniaxial tension at which local necking begins. 


TENSILE-TEST PROCEDURE 


In order to study the phenomenon of necking under conditions 
which avoid the difficulties mentioned, a few tensile tests were 
made on aluminum-alloy strips 20 in. long, of bare 24S-O and 
bare 24S-T sheet, Figs. 1 and 2. The strips were reduced in the 
center portion from a sheared width of 11/2 in. to a width of 1in., 
in order to form a 13-in. gage length of constant width with edges 
free from nicks and cold work. The edges were prepared by mill- 
ing to a depth at least equal to the thickness, followed by polish- 
ing ona belt sander. The longitudinal direction’ of the sheet was 
selected as the direction of testing, in order to obtain the most 
nearly constant thickness and the most nearly uniform metal 
properties along the length of the specimen. 

The specimens were subjected to tension loads that continu- 
ously increased at a very small rate. During tests, measurements 
of width and thickness were made at 24 stations spaced !/2 in. 
apart. By a process of interpolation, the measurements, and thus 
also the strains, were computed for the same point of time at all 
the stations. Thus in Figs. 1 and 2, each curve represents the 
strain distribution at one particular instant during the test. 
Such a representation illustrates the gradual change in shape of 
the strain-distribution curve as the test proceeds. 

It is apparent from Figs. 1 and 2 that the strains are nearly 
constant with position along the length of the specimen up to a 
strain of approximately 8 per cent. With further increasing 
strain, small nonuniformities appear which are not local necks 
in the sense of an instability effect, because they do not represent 
points where the strain continues to increase in the absence of 
strain at other points. There is a certain maximum strain, how- 
ever, which has been denoted as the necking strain, above which 
the strains continued to increase in only one focalized region, 
called the “neck,” Figs. land 2. It can be seen that this necking 
strain was approximately 18.5 per cent for the investigated 0.040- 
in. 248-O bare specimen, and 17.5 per cent for the 0.125-in. 24S-T 
bare specimen. Apparently, for 24S-T bare, the strain at a load 
of 8980 Ib was the maximum-load strain, Fig. 2, since the strain 
after fracture differed only by the amount of elastic recovery 
that is to be expected for this alloy. 

The curves of (true) stress versus reduction of cross-sectional 
area for the two materials were obtained by plotting (for one 
particular station) the cross-sectional areas corresponding to the 
various strain curves in Figs. 1 and 2 versus the corresponding 
stresses. The same stress-strain curve was obtained for various 
stations, thus indicating the correctness of the interpolation 
process for obtaining the strain-distribution curves. For the 
purpose of this investigation, the stress-strain curves were ex- 
tended only to the largest strain encountered outside the region 
of fracture, to avoid introducing the effects of transverse tension 
in the neck. The curves so obtained were found satisfactory for 
the following analysis, in that they exceeded by a few per cent 
the theoretical point of necking. 


5 Tests on transverse specimens were abandoned because of exces- 
sive variations in thickness across the width of the rolled sheet. 
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LUBAHN—THE NECKING OF TENSILE-TEST SPECIMENS 
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Fic. 4 Srress-Strain Curve For 0.125-In. Bare 24S-T SHEET, 
SHOWING THEORETICAL CONDITION FOR NECKING 


ANALYsIs OF RESULTS 


The stress versus reduction (of area) curves thus obtained are 
shown in Figs. 3 and 4, together with the construction lines for 
determining the strain at necking, according to the theory de- 
veloped previously. The values of longitudinal strains obtained 
from the necking theory for 24S-O bare, and 24S-T bare, are 
16 and 19.5 per cent, respectively. These values are in good 
agreement® with the corresponding experimentally determined 
uniform strains of 18.5 and 17.5 per cent, respectively, Figs. 1 
and 2. 

The accuracy with which the strain at necking can be deter- 
mined from a stress-reduction curve, such as that in Fig. 4, de- 
pends primarily upon the accuracy with which the slope of the 
stress-area curve is measured. In order to illustrate the probable 
extent of the scattering of the slope measurements, the necking 
condition has been solved, in Fig. 5, by intersecting the two func- 
tions s,/A and —ds,/dA. The curve shows that typical errors 
of slope measurements may result in errors in the strain at neck- 
ing of approximately plus or minus 1 per cent. 


‘A larger number of subsequent tests show that the necking 
strain determined theoretically from the stress-strain curve is 1 or 2 
per cent above that observed in the strain-distribution curve, and this 
phenomenon has not been explained as yet. It should be observed, 
however, that this difference is smaller than the rather large experi- 
mental errors associated with instability phenomena. 
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Instability of Thin-Walled Tubes 


Subjected to Internal Pressure 


By G. ESPEY,? CLEVELAND, OHIO 


A preceding paper advances the criterion that 
the maximum-load or pressure conception of 
instability is applicable to geometrical shapes 
other than the tensile test. This paper pres- 
ents experimental analysis to support the theo- 
retical conception advanced for the necking of 
tubing subjected to pure longitudinal ten- 


| BALANCED 


sion, to balanced biaxial tension, and to plane 
strain with the major strain being circum- 
ferential. It also shows that the stress-strain 
curve in uniaxial tension can be used to predict 
the necking strain for tubing under various 
stress states. 


OAD conditions other than pure tension which 
can be readily investigated are those en- 
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countered in tubing which is simultaneously 060 tll see 
subjected to a major circumferential tension and a 180 120 60 Oo 60 120 180 

minor longitudinal tension.’ DISTANCE FROM FRACTURE — DEGREES 
The following analysis should reveal the validity Fic. 1 Disrmsurion or Wat Wire at ran 


of the conception advanced‘ that a tube subjected 
to the stress state mentioned, if it does not fracture 
ina brittle manner, fails by instability when the in- 
ternal pressure reaches a maximum. This failure 
should be of much the same type as that of a tensile specimen 
which fails by local instability or “necking” when the tensile load 
passes through a maximum.® 

Some results have been published recently by Davis,* which 
present a series of tests suitable for a comparison of the theoreti- 
cal instability strains with experimentally derived forming limits 
for various stress states. Cylindrical copper tubes 1.45 in. OD, 


1 This paper is one of a series of reports on the research program on 
hot-forming of aluminum alloys conducted at Case School of Applied 
Science under contract with the Office of Production Research and 
Development of the War Production Board. This research, which 
was supervised by The War Metallurgy Committee under the “re- 
stricted” Project NRC-547, is the basis of this puper which has been 
released for publication by the OPRD. The project was directed by 
G. Sachs, Case School of Applied Science. 

* Department of Metallurgical Engineering, Case School of Applied 
Science. : 

_ + As yet, the condition or combination of conditions determining 
instability for tubing under a major longitudinal tension and a minor 
circumferential tension is not clearly understood. However, the 
limiting conditions of pure longitudinal tension and balanced biaxial 
tension are known and discussed. The results of tests in the region 

tween these two limits are later reported in Fig. 9. 

‘Failure of Ductile Metals in Tension,” by G. Sachs and J. D. 
en, published on pages 271-276, of this issue of the Transac- 
ions. 

*“The Necking of Tensile-Test Specimens,” by J. D. Lubahn, 
published on pages 277-279, of this issue of the Transactions. 

6 “Increase of Stress With Permanent Strain and Stress-Strain 
Relations in the Plastic State for Copper Under Combined Stresses,” 
by E. A. Davis, Trans. A.S.M.E., vol. 65, 1943. p. A-187 

Contributed by the Metals Engineering Division and presented at 
the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tue 
Sociery oF MECHANICAL ENGINEERS. 

OTE: Statements and opinions advanced in papers are to be 
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CENTER OF TuBEs TESTED UNDER Various Stress Ratios AND HavING 


LONGITUDINAL FRACTURES 


1.25 in. ID, and having an 8-in. length were machined from solid 
rod. These were subjected to various ratios of longitudinal and 
circumferential tension which were kept approximately constant 
in any one test but which were in different proportions for dif- 
ferent tests. Both stresses were progressively increased during & 
test by increasing the internal pressure and the longitudinal 
tension. The strains were carefully measured during these tests, 
and for an investigation of the instability condition the final 
dimensions of the fractured specimens were also secured later 
for the purposes of this analysis (lot B of reference 6). Of the 
tubes tested under combined tensions, the stress and strain con- 
ditions of balanced biaxial tension 


= 1) and plane strain (: = 
$1 


= 0) were avail- 
able for the analysis. 


CorRELATING TEsT RESULTS 


To correlate the necking performance of tubes under uniaxial 
tension with those under biaxial tension, a tube tested in pure 
tension was also investigated. The individual (true) stress- 
strain curves obtained in the various tests were used as the basis 
for the determination of theoretical stress and strain conditions 
of instability under plane strain and balanced biaxial tension. 

As might be expected, the tubes which had been subjected pri- 
marily to internal pressure failed by splitting longitudinally. 
The fracture appeared to be rather brittle; furthermore, the oc- 
currence of a longitudinal fracture in the specimen tested with a 
ratio of circumferential stress to longitudinal stress of 3:4 indi- 
cated that the ductility in the circumferential direction was 
considerably less than in the longitudinal direction and possibly 
low enough to cause brittle fracture. Measurements of the dis- 
tribution of thickness hk, around the circumference at the longi- 
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tudinal center of fracture for this tube showed no definite evi- 
dence of local necking, Fig. 1. This therefore indicates that 
if any instability took place it occurred at a strain very near the 
limit of ductility. 

The instability condition can be applied only if the ductility of 
the metal is sufficiently high to exceed that required by the neck- 
ing condition. Measurements of the thickness distribution for 
tubes tested under balanced biaxial stress (s;/sz = 1) and in 
plane strain (se/s; = 1/2), Fig. 1, reveal the presence of necks. 
The presumably uniform normal strain under both of these load 
conditions was considerably less than the normal strain at the 
fracture, which was approximately the same for all three tubes 
that failed longitudinally. 

Thus it appears that the two tubes representing balanced bi- 
axial tension and plane strain were suitable for a comparison of 
the theoretical with the experimental instability conditions. 

First, however, the validity of the instability condition for the 
tube tested in pure longitudinal tension was confirmed. The load 
reached a maximum, Fig. 2, and from measurements of the thick- 
ness (radial strain, e:) and diameter (circumferential strain, ¢:) 
of the fractured specimen, a neck was found to extend over ap- 
proximately 1 in. on each side of the failure. The remainder of 
the tube was strained rather uniformly, by a value of natural 
longitudinal strain, e¢, = —2e, = 0.39. This is practically the 
same value as that obtained by graphical solution, Fig. 3. 

The pressure versus strain curves obtained for the tubes sub- 
jected to internal pressure show the decrease in slope which gen- 
erally precedes a maximum, Figs. 5 and 7. However, no de- 
crease in load was observed because of the explosive failure which 
occurs. Such failure is expected when the forces become un- 
balanced, i.e., when instability starts. 
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For the two combined tension tests made under balanced bi- 
axial tension and plane strain, the thickness measurements taken 
around the circumference of the tubes at the longitudinal center 
of the fracture also showed no pronounced distinction between 
uniform and local straining, as the thickness gradually decreased 
toward the fractures, Fig. 1. This type of nonuniformity of 
strain which may be caused to some extent by slight variations in 
wall thickness of the original specimens, makes it difficult to 
determine definitely the circumferential] strain at the moment of 
instability. 

However, in the case of perfectly balanced biaxial tension, the 
uniform strain can be derived indirectly from the condition that 
before instability occurs the circumferential strain will equal the 
longitudinal strain; and since the fracture occurs in the longitu- 
dinal direction, the longitudinal strain should discontinue as soon 
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as instability is initiated. Therefore the uniform strain in the 
longitudinal direction should be the same as the circumferential 
strain present at the start of instability. However, for the case 
considered, the circumferential stress (s,;) was approximately 13 
per cent higher than the longitudinal stress when instability 
started; consequently there was a corresponding difference be- 
tween the longitudinal and circumferential strains, Fig. 4. A 
value of circumferential strain equal to 0.128 at the point of in- 
stability was obtained by extrapolation of the curve in Fig. 4 to 
the measured value of uniform longitudinal strain of 0.092. The 
corresponding value of normal strain is 


= = —0.092 — 0.128 = —0.22 


The strain values obtained by graphical solution of the necking 
condition, Fig. 6, were « = 0.13 and e = 0.25. They are again 
in good agreement with the experimental values. 

In the case of plane strain, Fig. 7, the lack of any change in 
length (¢, = 0) of the specimen makes it impossible to use this 
strain as a criterion of the point of instability; and the lack of 4 
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region of uniform thickness about the circumference after frac- 
ture, Fig. 1, eliminates a second possible method of determining 
the uniform strain. However, the measured average circumfer- 
ential strain may be used as the experimental strain at insta- 
bility, although it is somewhat inaccurate because of the small 
effect on the average value of the larger strain at the neck. 
Measurement of the outside diameter after fracture at points '/: 
in. beyond the ends of the fracture yielded a mean value of 1.699 
in. This value may be corrected by the corresponding thick- 
ness (0.081 in.), obtained by extrapolation of the outside-diame- 
ter versus thickness curve, to yield a value of uniform natural 
circumferential strain of ¢, = 0.175. 

As in the case of pure tension, the accuracy of the “theoretical 
necking strains” for the tubes investigated depends upon the ac- 
curacy of the slope measurements. Also, there is likely to be some 
additional error because of the scarcity of experimental points 
in the vicinity of the region of necking, with the corresponding 
uncertainty in the shape, and thus the slope of the curve. 

The graphical solution of the instability condition for plane 
strain yields a strain value « = —e; = 0.19 (approximately) 
which is again in good agreement with the experimental value 
« = 0.175, Fig. 8. 

Thus the analysis of tubes subjected to internal pressure con- 
firms the conception that a maximum in the internal-pressure 
curve of a sufficiently ductile metal is associated with a localized 


2 
T T T T T 
8 MAX .LOAD VS. EXPERIMENTAL 
' a.0UCS«éa STRAIN VALUE @,) UPON NECKING 
a — J 
by APPROX. 0.27 
Sy Ps AT FRACTURE 
9 (STRESS UNKNOWN) 
4 | | 
a 
2 
0 0.10 0.20 0.30 0.40 aso 


NATURAL CIRCUMFERENTIAL STRAIN (€,) 


Fic. 7 Pressure-Strain Curve FOR Copper TUBING IN PLANE 
STRAIN 

so T T 
Ss / 
Qa S; 2 wie 
$ THEORETICAL NECHING 
CONDITION Fag 

40 
4 aé, Yo 
N 
% FROM EXPERIMENTAL 
UNIFORM E, 
= 30 “ 
4 
/ 
the 
w 20 
: / 
| 
/ 
> 
3 
10 
w 
> 
0 

alo a20 040 0.50 


NATURAL CIRCUMFERENTIAL STRAIN 


Fie. 8 True Stress-Strain Curve ror Copper Tusinc UNDER 
ConpITIONS OF PLANE STRAIN, 1.E., LONGITUDINAL StRaIN = 0, 
Wir a CoMPARISON OF THEORETICAL AND EXPERIMENTAL PoINTS 

or INSTABILITY 


strain region or “‘neck”’ in the circumferential direction, and a lack 
of any further strain in other parts of the specimen. 

The investigation of the various load conditions also reveals 
that in accordance with the theoretical analysis, a thin-walled 
tube subjected either to “pure” internal pressure (plane strain) 
or to balanced biaxial tension will fail by instability at a consid- 
erably smaller circumferential strain than the longitudinal strain 
which occurs on necking of a tensile test specimen made from the 
same metal, Figs. 3, 6, and 8. A tube subjected to pure internal 
pressure will become unstable at only approximately one half of 
the circumferential strain as a tube subjected to pure longitudinal 
tension. It can be shown that the conventional strength is a func- 
tion of these strains; and the bursting strength of tubes, there- 
fore, should be considerably lower than the tensile strength, the 
difference depending upon the strain-hardening characteristics 
of the metal and the degree of biaxiality. 

In Fig 9 the three principal strains at the point of instability 
are represented for the tubes tested by Davis,* as obtained both 
experimentally and by theoretical analysis. The experimenta- 
tion also covered four tubes not analyzed, which were subjected 
to a major longitudinal and to a minor circumferential tension. 
As previously discussed, the experimental evidence indicates 
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that the longitudinal strain at which a circumferential neck oc- 
curs should decrease as the internal pressure superimposed on the 
longitudinal tension increases, Fig. 9. The condition that the 
longitudinal load reaches a maximum, obviously does not ac- 
count for the observed changes in longitudinal necking strain with 
increasing internal pressure, until balanced biaxial tension is 
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reached. The effect of the internal pressure in this range has not 
been accurately investigated as yet. 


PREDICTION OF INSTABILITY STRAINS From SrreEss-STRAIN 
CuRVE IN TENSION 


The instability condition has been developed in such a manner‘ 
that it may be used to predict the forming limits by necking from 
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ESPEY—INSTABILITY OF THIN-WALLED TUBES SUBJECTED TO INTERNAL PRESSURE 


the true stress-strain curve in pure tension for various conditions 
of geometry and stress ratios. 


The data on copper tubing offer the opportunity to investigate . 


the possibility of predicting the instability strain in this manner 
since the relation between the stresses and strains are known for 
this condition of geometry. As was previously mentioned, such 
application involves the assumption that true stress-strain curves 
for various stress states will be similar (particularly regarding 
slope), if the maximum shear stress is plotted against the largest 
absolute strain. While this maximum shear-stress criteria for 
flow may lead to considerable error in stress value, it can be 
shown that no considerable error in predicted strains will result, 

In this paper only cases of uniaxial (s2 = 8; = 0) or biaxial ten- 
sion (s; = 0) are considered and therefore the curves for various 
stress states should be similar if the largest stress s; is plotted 
against €max. 

Fig. 10 shows such a plot for copper tubing in various stress 
states from s/s, = 0 to s:/s; = 1. While these curves are not 
identical, it must be remembered that the slope of the curves is 
of greater importance than the ordinate value in determining the 
necking condition and that for a given abscissa value, the slopes 
for the various curves are nearly identical. 

The instability theory has been applied to the true stress- 
strain curve in pure tension to predict the necking strain for cop- 
per tubes in plane strain and balanced biaxial tension, as shown 
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in Fig. 11. Table 1 shows these values together with those ob- 
tained by the instability theory from the stress-strain curve for 
the particular stress state considered and also for the actually 
measured forming limit. These strain values obtained from the 
stress-strain curve in uniaxial tension are in good agreement with 
those derived experimentally. 


TABLE 1 STRAIN VALUES FROM STRESS-STRAIN CURVES 
AND MEASURED NECKING STRAIN 
Necking strain 
from stress-strain Necking strain 
curve corre- from stress- 

Stress ratio sponding to strain curve in Measured 
in tubing stress state pure tension necking strain 
: =0 a = 0.40 a = 0.40 a = 0.39 
82 a = 0.11 
1 a = 0.13 a = 0.125 
1/3 a = 0.19 a = 0.20 = 0.175 


* Corrected to apply to the stress ratio of #:./a = 1. 
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Typicat Contour-FORMING MACHINE IN WutcH TENSION Is ComBINED WitH BENDING 


Distortion Due to Contour-Forming of Extru- 
sions and Preformed Sheet-Metal Sections 


By WILLIAM SCHROEDER,' BURBANK, CALIF. 


The effect of springback on the radius of curvature due 
to contour-forming of extrusions or preformed sheet-metal 
sections is analyzed. A number of the commonly used 
methods of forming are considered. Equations for com- 
puting values for change in radius are derived and sample 
calculations are compared. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = area 
b = width 
c = distance from innermost fiber to neutral axis of bend- 
ing 
d = depth of section 
e = strain 
é, and e, = strains due to forming; outer and inner fibers, 
respectively 


« and « = components of elastic strain due to springback that 
cause a change in radius; outer and inner fibers, 
respectively 

¢, and e, = components of springback strain at point (z, y) due 
to elastic bending about the X- and Y-axes, 
respectively 

F = force 

I, and J, = moments of inertia about the X- and Y-axes, respec- 

tively 
y = product of inertia about the X- and Y-axes 


Engineer, Lockheed Aircraft Corporation. Mem. 
Contributed by the Metals Engineering Division and presented at 
the Aviation War Conference, Los Angeles, Calif., June 11-14, 1945, of 
E AMERICAN Society oF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 


of the Society. 


sok, 
m = first moment of area 
M = moment of force 
qz and g, = parameters 
r = modulus of strain-hardening or slope of true stress- 
strain curve 
R, = radius of part 
R, = radius of die 
Rk’ = transverse radius of curvature due to springback dis- 
tortion 
s = true stress 
8 = yield strength of material or s, whichever is greater, 
see Fig. 5 
x and y = co-ordinates with reference to X- and Y-axes 
zx = distance from vertical reference in section to centroid 
of area 
= distance from inner fiber to centroid of area 
Y_. = distance from inner fiber to axis, parallel to neutral 
axis, which divides area of section equally 


INTRODUCTION 


Séveral methods for computing springback in contour-forming 
have appeared in the technical literature.?}* These, however, 
apply only to one type of forming, namely, simple bending, and 
are trial-and-error methods which are very laborious. Many of 
the present methods of contour-forming have not previously been 
analyzed. 

The springback resulting from contour-forming extrusions and 
preformed sheet-metal sections may conveniently be classed as 


2“Data on Springback of Metals,’’ by R. E. Oestreich, Aero 
Digest, vol. 45, 1944, pp. 77-81 and 138. 

3 “Determining Springback,” by R. G. Sturm and B. J. Fletcher, 
Product Engineering, vol. 12, 1941, pp. 526-528 and 590-594. 
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Fig. 2 Typicat Contour-FORMING MacHINE OPERATING ON 
PRINCIPLE OF SIMPLE BENDING 
(The part is bent by the rolls to the contour of the curved steel bar.) 


consisting of a change in the over-all length or a change in radius 
of curvature of the part. A change in length of a part is gener- 
ally of little significance because parts are normally trimmed to 
the desired lengths after forming; however, a change in curva- 
ture usually produces a significant error in contour that must be 
corrected. For this reason, changes in radius due to springback 
will be treated as important and changes in length as incidental. 

In the hand-forming methods of forming stringer sections, the 
effect of springback may be corrected in the process of forming. 
When contour-forming machines‘ of various kinds, requiring dies 
or form blocks, are used, it becomes desirable to be able to predict 
the change in curvature due to springback in order to reduce the 
developmental costs of the dies. 

The amount of radius change depends upon the forming 
method employed. Simple bending methods produce relatively 
large changes in radius while contour-stretching methods produce 
much less.6 Many parts can be formed with these contour- 
stretching machines without excessive springback; nevertheless, 
under certain conditions springback allowance in the dies must 
still be made. 


SPRINGBACK DUE TO CONTOUR-FORMING 


The phenomenon of springback may be explained in terms of 
the stress-strain relationship for a bar loaded in tension and com- 
pression, as shown in Fig. 3. If the loading is interrupted at some 
point as at a and the load removed, the stress and strain decrease 
on the line a toc. The elastic recovery or decrease in strain is 
from btoc. Inasimilar manner, unloading the bar from point a’ 


4 **Methods of Forming Aluminum Alloy Extrusions and Preformed 
Sheet Metal Sections,” by William Schroeder, Automotive and Avia- 
tion Industries, vol. 90, 1944, pp. 28-31 and 100. 

5 “Elastic Theory in Sheet-Metal Forming Problems,” by F. R. 
Shanley, Journal of Aeronautical Sciences, vol. 9, 1942, pp. 313-333. 
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TRUE STRESS 


~ COMPRESSION 


Fig. 3. Srress-Srrain CURVE AND SPRINGBACK IN TENSION AND 
COMPRESSION 


in compression changes the strain from b’ to c’.. The amount of 
plastic recovery is indicated for a number of values of strain in 
order to show the approximate manner of variation with strain. 

It has already been mentioned that springback from contour- 
forming depends upon the method and technique of forming. 
The amount and nature of springback furthermore depend upon 
the shape of the section. For the purpose of discussion, a number 
of typical cases will be discussed. 


Metuop I—Forminc To APPROXIMATE Contour, Heat-TREAT- 
ING, AND STRETCHING TO FINAL CoNTOUR 


One method which may be expected to give a negligible amount 
of change in radius due to springback is to form the part approxi- 
mately to contour by any of the contour-forming methods, follow 
with a solution heat-treatment or anneal, and stretch the part be- 
tween 1 to 3 per cent over a block or die. This produces approx- 
imately the result illustrated in Fig. 4. 


BY METHOD | POINT O AND 0’ COINCIDE. 
Fic. 4 Errect or Sprincpack By Formina Merunop I 


Owing to the heat-treatment following the forming, all fibers 
have the same temper at the time of stretching. Furthermore, 
all fibers are subjected approximately to the same stretching stress 
and strain since the part is already formed nearly to contour prior 
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to stretching. The elastic recovery is therefore proportional to 
the curved length of the fiber. Hence the fibers terminating 
on the plane A-A, while under stretching load, spring back to the 
position in plane B-B. If the line B-B is extended to intersect 
with line C-O, it is found that the new center of curvature O’, 
coincides with the center of curvature O, before springback. 
Ifence the radius of curvature remains unchanged even though 
the curved length has decreased. 

This result applies equally to all sizes and shapes of cross sec- 
tions. There is, furthermore, no tendency for the part to distort 
out of the plane of bending or become twisted. 

Inconsistencies in this and all the following methods may result 
from nonhomogeneity of strength distribution over the cross sec- 
tion of the part. Such nonhomogeneity is sometimes associated 
with a nonhomogeneous grain structure. 


Meruop II—ForminG To APPROXIMATE CONTOUR AND STRETCH- 
ING TO FinaL ContTouR 


When parts are formed to approximately the correct contour 
and subsequently stretched without intermediate heat-treatment, 
a result somewhat different from Method I is obtained. The 
material becomes strain-hardened nonuniformly in the forming 
operation, the strain-hardening being greatest in the outer and 
inner radius fibers and decreasing toward the middle. Spring- 
back from stretching a part with such nonuniform strain-harden- 
ing will generally produce slight distortion. The amount and 
type of distortion will depend on the shape of the cross section 
and the method of contouring. The part will also distort from 
the plane of bending if the cross section or distribution of strain- 
hardening is not symmetrical about an axis parallel to the plane 
of bending. (The plane of bending corresponds to the Y-axis 
n the figures of this paper.) 

Since a wide variety of conditions for this method can exist, 
each leading to a different result, no attempt to solve any specific 
case has been made. 


Meruop III 


SIMULTANEOUS WRAP AND STRETCH-FORMING 
Wirn Constant Force 


One rather common method of contour-forming consists of 
bending and stretching progressively. By this method the part 
is usually first loaded in tension to a stress corresponding to a 
very small permanent set. The part is then wrapped around the 
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(a) Geometry of bend (b) Free body diagram 
Fie.5 Controur-ForMING AN ExTRUSION, OR PREFORMED SEcTION, 
Wits Constant TENSILE Force 
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die. This wrapping action is basically one of bending. It 
differs from pure bending by the fact that the bending is done 
under the influence of the tensile force, Fig. 5. Simple bending 
may be considered as a special case in which the force T = 0. 

Neutral Axis of Bending With Tensile Force. As a step in 
analyzing the effect of springback on the radius, the neutral axis 
of bending will be considered first. 

From the geometry of the bend, Fig. 5, it may be seen that 


dL, dL. 
Ry + d Ry 
By definition 
dL, 
= 1 + [2] 
and 
dL, 3 
dLo = [ ] 
where dl) = unstrained length of dL, and dLs. 
Therefore 
1 1 + 
(4] 
Ragt+d Ry 
or 
R, [5] 


Stretching of the straight portion of the part may result from 
the original application of the tensile force; however, the main 
forming action takes place in the region adjoining section A-A, 
Fig. 5. The stress conditions are approximately as in Figs. 5(b) 
and 6. The outside fibers elongate and increase in strength ac- 
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STRAIN 


Fic. 6 Srress-Strratn RELATION FoR CoNnrourR-ForMING WITH 


Constant TENSILE Force 


cording to the stress-strain behavior of the material. In order 
for the material between sections A-A and B-B to be in equi- 
librium, it is necessary that the net force represented by the area 
under the stress-distribution curves for sections A-A and B-B be 
equal. This condition is expressed by 


— JS bsdy + as, = 
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It is assumed that the strain imposed by bending is propor- 
tional to the distance from the neutral axis. In this case, the 
neutral axis of bending is defined as the fiber in the section that 
has zero stress. 

The solution of Equation [6] depends on the relation between 
s and y, which in turn depends upon the stress-strain diagram. 
An exact solution is difficult to obtain; however, a useful solution 
may be obtained by assuming that the stress-strain diagram 
a-b-c, Fig. 6, may be expressed by 


and a-b’-c’ by 
In this expression 
y 
[8] 


where y is measured from the neutral axis of bending. 

For all cases except s, = 0 (pure bending), it may be assumed 
that s = s, For s, = 0, 8s equals approximately the yield 
strength of the material. 

Substituting Equations [7], [7a], and [8] into [6] gives 


d—c b 
+ — ff —rydy + as. = 0. [9] 
0 Rg 
or 


r 
—#(a, — a,) — — aly —c) + am = 0....... [9a] 
Ry 
where 
a, = bdy = area above neutral axis 
0 . 
and 
a, = bdy = area below neutral axis 


Equation [9a] will be evaluated for cross sections composed of 
rectangular components as in Fig. 7. It may be demonstrated 
that (a, — a,) is equal to twice the shaded area between y, and c, 
where y, is the distance from the inner fibers to an axis, parallel 
to the neutral axis, that divides the cross-sectional area into two 
equal parts. Several special cases have been evaluated as fol- 
lows: 
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Case (a): When ys 2 y;, Fig. 7. For this case, Equation [9a] 
becomes 


— — c) — a(y—c) +a% =0...... {10} 
Ra 


and 


_ + Kay —a 
2b; Ka 


where 
r 
= 


Solty 


Case (b): yg > yi > c, Fig. 7. Substituting into Equation [4a] 
— 2sobe (yg — yr) — 280b1 (yi — c) — R, (y—c) + a% = 0.. [12] 
d 


and 


— vi) + + Kay 
2b, + Ka 


Neutral Axis in Simple Bending: 
(a) For simple bending the value of ¢ lies between y, and 4; 
and 7 = 0. Whence 2 y, andy, < 


2biys + Kay 


(b) Fory, < yande> 
2b, + Ka 
(ce) Fore > y and ys 
[150 


2b, + Ka 
DPTrERMINATION OF Part Rapius AFTER SPRINGBACK 


The springback in contour-forming with a constant tensile 
force may be analyzed by considering the moments required 
for bending and the change in moments due to springback. The 
bending moment depends upon the shape of the section and the 
plastic properties of the material, while the moment due to spring- 
back depends upon the elastic properties of the section. The 
following equilibrium conditions must be satisfied 


[16] 
[17] 
[18] 


where 


M, and M, = moments about the X- and Y-axes, respec- 
tively 


F,, = force normal to X-Y plane 


In this case, the X- and Y-axes are taken through the 
centroid of the section with the Y-axis in the plane of bend- 
ing. 

Since springback is a purely elastic phenomenon, the 
principle of superposition may be applied and the changes in 
stress and strain may be resolved into components as due to 
bending about each of the two axes and a uniform change 
in strain normal to the X-Y plane. The uniform 
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strain component produces no distortion, as previously explained, 
and can therefore be neglected in the following discussion. The 
other elastic components are related as follows 


Since Equation [18] yields information only on the uniform 
component of strain, it may be omitted from further discussion. 
Based on Fig. 5, the moments due to bending are expressed 


by 


where f means a surface integral over the cross-sectional area 


The solution of Equations [24] and [25] depends mainly upon 
the stress-strain curve between points c’ and c, Fig. 6. An 
approximate but useful result is again obtained by assuming 


8 = + reands = —s + re 


The elastic bending strain e may furthermore be assumed to be 
composed of e, and ¢,, where ¢, is due to bending about the X- 
axis, and ¢«, due to bending about the Y-axis. 

planes before forming remain planes after forming 


Assuming that 


€22 26] 
and 
€y1 €y2 
For the condition after springback, Equation [5] becomes 
(28) 
R, 1 + e2 + €x2 
and 
d d €x2 d qrd 
R, Ry 1 €2 Ry 1 + €2 


The distortion arising from springback tending to bend the ex- 
trusion from the plane of bending may be expressed in terms of 
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and da refers to an area element with dimensions dy and dz. The 
changes in moment due to springback are 
Mu = ff, Beyda............. (22) 
and 
Mwy = [28] 
Substituting into Equations [16] and [17] 
Sf syda + ff (24 ] 
and 


where 
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NEUTRAL AXIS 
OF BENDING 


R 


Fic. 8 Srratn Revations CenTRomDAL PLane Asout X-Ax1s 
DvE TO FORMING AND SPRINGBACK 


q,- The transverse radius of curvature R’ is obtained by sub- 


stituting ey, and ey, for e; and e:, respectively, in Equation [5]; 
thus 


d 
Combining Equations [31] with [26] 


Values for g, and gy may be obtained by solving Equations [24] 
and [25]. After substituting for s and e, Equation [24] becomes 


d-y 
wf f wat 
-y RaJs 


+ + = 0. 


and 


So(™mz1 — Mz2) + i, + = a(c— y)? Eq.l, + =0 
d 


.. [34] 
where 


mz, = first moment of area above the neutral axis of bending 
taken about the X-axis 


Me, = first moment of area below the neutral axis of bending 
taken about the X-axis 


Similarly Equation [25] becomes 


— myn) + Tay + + EQyly = [35) 
d 


e, 
and 
ae, 
fn 
2 
Se 
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my = first moment of area above the neutral axis of bending 
taken about the Y-axis 

my = first moment of area below the neutral axis of bending 
taken about the Y-axis 


It may furthermore be demonstrated that in Equations [34] 
and [35] 


Mz = and my, = 


In computing springback for the conditions of forming with a 
constant tensile load, specific values are substituted into Equa- 
tions [34] and [35] to solve for the values of g, and q,. The 
values of g, and q, are then substituted into Equations [30] and 
[32] for R, and R’. 


FormMInG Metuop IV—SIMULTANEOUS WRAP AND STRETCH 
ForMING WITH INCREASING TENSILE ForRcE 


When the extrusion is contoured and stretched with an increas- 
ing tensile force the whole section is subjected to tensile stress 
and the neutral axis, as defined, does not exist. Since the X- and 
Y-axes are centroidal axes and under the present condition the 
area above the neutral axis is the whole area a, and the area below 
the neutral axis is zero, it follows that 


M2 = M2 = My = Mp = 0 


From Equations [34] and [35] 


q = Oand 
= an sol 
ER, 
Substituting these values into Equations [30] and [32] 
R 
R, = [36] 
1 
bi E(1 + e2) 
and 
R’ = o (no transverse curvature).......... (37 ] 


Discussion OF ForMING METHODS 


Comparison of Springback. The relative amounts of radius 
change resulting from the foregoing forming methods are com- 
puted for one specific condition and compared in Table l. It may 
be seen that the radius change is negligible for Method I and is 
progressively greater for Methods IV, III with tensile pull, and 
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TABLE 1 COMPARISON OF COMPUTED RESULTS FOR 
FORMING A i 1-IN. BY 0.070-IN. EXTRUSION WITH #/4-IN, 
LEG IN PLANE OF BENDING 
(Material: 24S-T aluminum alloy; and Ra = 20 in.) 
Part radiusin Resulting transverse 
plane of bending radius of curvature 
Method of forming Rp, in. Rn’, 

II (values not computed but range 


III (a) s¢ = 53,000 psi. ae 20.94 6000 (slight) 
III (6) s¢ = O (simple .. 22.6 71 (appreciable) 


Method III without tensile pull (pure bending). The results 
for Method II are difficult to predict but are expected to range 
between the results for Methods I and IV. Of the methods dis- 
cussed, I and IV will produce little tendency to distort the part 
from the plane of bending even though the section is not sym- 
metrical about the Y-axis. 

In any of the methods that involve stretching it is important 
that the jaws for gripping are so designed that they will develop 
the necessary gripping force without weakening or twisting the 
section to be formed. Another serious difficulty of contour- 
forming by stretching is due to friction between the part being 
formed and the die. This friction makes it difficult and some- 
times impossible to stretch the part throughout the length in con- 
tact with the die when using Methods I and II. This factor may 
also interfere with the proper execution of Method IV. The use 
of a good lubricant and vibrating the die are beneficial for reduc- 
ing friction between part and die. 

Experience may show that friction between the part and die 
may make it impractical or impossible to attain the conditions 
assumed in Method IV, and that minimum amounts of springback 
in practice will correspond more nearly to those for Method III 
using a constant tensile force. 


AccURACY OF RESULTS 


There has been little opportunity to compare computed with 
measured values for change in radius due to springback. Where 
checks have been possible the results have agreed within the 
limits of accuracy of the measurements. Due to the simplifying 
assumptions that were made some slight disagreement between 
computed and measured values may be expected; however, ex- 
perience has indicated that the error from this cause is consider- 
ably less than the variation that may be expected from non- 
homogeneity and variation in physical properties of material used 
in forming. 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until June 17, 1946) 
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Design Considerations for 


Machinery Parts 


By G. L. SNYDER,* COATESVILLE, PA. 


Only some basic considerations for the designer in 
developing weldments are brought out in this paper, be- 
cause of the wide scope of the subject. Separately, these 
basic considerations may seem elementary and self- 
evident, but when considered collectively in developing a 
weldment, their complexity becomes apparent. At least 
twelve different types of components can be utilized by a 
designer in his weldment and each of these components 
can be used in several ways. So, the designer must be 
familiar with limitations in processing weldments and 
with the scope and limitation of equipment and methods 
used in their production. These are the factors discussed 
here. However, this discussion is limited to dynamically 
loaded welded machinery parts. 


OT-rolled steel plate, a basic element, probably is the most 
universal component used in welded machinery parts. 
Undoubtedly, the freedom offered by the many sizing 
and shaping possibilities of hot-rolled steel plate has much to do 
with its widespread use as weldment components. Basically 
flexible raw material from the stand-point of dimensions, hot- 
rolled plate is obtainable in variable sizes to 195 in. wide or to 
25 in. thick. 


Fiat COMPONENTS 


Shearing usually is the most economical method of sizing or 
shaping a plate to rectangular or circular dimensions. But when 
a plate is to be sheared to size, the designer should keep in mind 
the existence of shear droop which is the abrupt break in flatness 
that occurs around the sheared edge, because localized stresses 
imposed by the shearing pressure exceed the elastic limit of the 
material. Since this effect is confined to the area adjacent to 
the edge, it can be practically disregarded when the component is 
subjected to subsequent trimming or when it is in light gages, */, 
in. and under. 

Flame-cutting undoubtedly is the most common method of 
shaping and sizing weldment components, particularly when the 
number of duplicate weldments required is small. Probably a 
big reason for this is the fact that many components of weldments 
necessarily are irregular in shape. 

Since regular configuration generally is cheaper, the designer 
should think in such terms where possible. However, he need 
not be concerned if an edge is sheared or flame-cut so long as he 
designs the part so that the supplier is free to use either method or 
both on a particular component. 

Fig. 1 shows an example of component produced entirely by 
flame-cutting. Fig. 2 is a plate part produced by a combination 
of shearing and flame-cutting. 

Of course, in addition to shaping and sizing, the cutting torch 


‘Chief Engineer, Lukenweld, Inc., Division of Lukens Steel 
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Fic. 1 Component FLAME-CutT To SHAPE FROM Hot-RoL_epD PLATE 


CoMPONENT 


SHAPED BY SHEARING AND FLAME- 
CUTTING 


also makes welding chamfers, or kerfs, on the edges of a com- 
ponent which provide the “grooves” for welds, other than plain 
fillets, when assembled with adjoining components. 

Tolerance on components, disregarding the method used in pro- 
ducing them, merits careful consideration by the designer of weld- 
ments for an accumulation of tolerances can cause costly diffi- 
culty in fabrication, as is shown in Fig. 3. This illustration pic- 
tures a highly improbable coincidence of tolerance accumulation. 
Nevertheless it could occur within the limits of necessary com- 
mercial tolerances on flatness and straightness. Tolerances are 
important considerations on flatness and straightness, particu- 
larly if the fabricator’s facilities for performing such operations 
cannot be operated as cheaply as those of the supplier of com- 
ponents. 

Often it is advantageous to size components on machine tools, 
if only for the reason that much closer tolerances are obtainable. 
For a complicated assembly with much welding on it, prefabrica- 
tion machining is indicated. Also, at times, machining of com- 
ponents will help achieve close tolerance on a complete weldment. 
The more generous the tolerances on components, the more preva- 
lent the gaps in fitting. Gaps require the deposition of a 
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Fie. 3 Box Beam SHow1nG RESULTS OF CAMBER AND FLATNESS 
TOLERANCES 


greater amount of weld metal, thereby increasing costs and de- 
stroying the metal-to-metal contact which resists tendencies to 
shrink or warp. 

The main structural parts of the weldment shown in Fig. 4 are 


Fic. 4 V-Typz, WELDED D1eseL-ENGINE FRAME 


premachined. Since this item is one of mass production, indi- 

vidual peculiarities in each weldment caused by the nonuniform 

accumulation of component tolerances could not be allowed. 
Sometimes design considerations dictate prefabrication ma- 


CONCENTRATED LOAD CONCENTRATED LOAD 


Fic. 5 Joint Between Heavy FLANGE AND WEB, SHOWING Ma- 
CHINED EpGe aT Lerr FuLL WELD at RIGHT 


Fig. 6 Comparison BETWEEN ann Kerrs 


chining as in the case of the joint between the heavy web and 
flange shown at the left in Fig. 5. This might be a detail of con- 
struction on the bed of a large hydraulic or mechanical press. 
The loading in the region of the compression flange of those ma- 
chines is such that the joint detail, shown at the right in Fig. 5, 
would be necessary if the edge of the web were not machined. 
When machined, the metal-to-metal bearing, to withstand con- 
centrated compression loads, __ is 
achieved. Fillet welds as indicated in 
this illustration are adequate then for 
withstanding the horizontal shear com- 
ponents in this region of the beam. 
The edging of such webs to a rela- 
tively close tolerance is asimple opera- 
tion on a plate planer. 

Another reason for prefabrication 
machining is the provision of economi- 
cal welding kerfs in combination with 
good joint fit-up, particularly in weld- 
ing thick plates. A kerf must be suffi- 
ciently wide to clear the tip of the 
welding electrode to permit the de- 
positing of weld metal at the root of 
the weld; for as the plate thickness 
increases, it is apparent that the 
amount of metal wasted in the an- 
gularity of V-shape flame-cut kerfs in 
contrast to the U-shaped ones, as 
shown in Fig. 6, becomes an impor- 
tant factor. 

Prefabrication machining is necessary, too, in instances of con- 
flicting tolerances, in the fitting of circular components within 
each other. Studies of minimum tolerances reveal that gaps be- 
tween pieces so fitted are inevitable but machine fits reduce such 
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Fic.10 Hortzonrat ANGULAR BENDS PRovIDED BY PREss-BENDING 


Fig. 11 Wetpment SHow1ne UtiiizaTion or FLvED OPENING 


gaps to a negligible point. Prefabrication machining is neces- 
sary at times, also, for providing proper contours in highly stressed 
weldments, or in those subject to fatigue. Fig. 7 shows such an 
instance in the bottom plate of a hydraulic cylinder premachined 
to provide proper curved contour at the corners. This sketch 
also illustrates an application of machined kerfs on thick plates. 
Fig. 8 shows the cylinder of a hydraulic press designed on such 
principles. 

Another method used frequently for shaping plate components 
is “blanking” or “punching” on a power press. This operation 


lic.9 BLANKED, AND BLANKED AND PUNCHED CoMPONENTS MADE 


or STEEL PLATE 


which is simply shearing, using knives of special shapes, can be 
justified, usually, only when quantities required warrant the ex- 
pense of dies. Fig. 9 shows typical blanked or blanked and 
punched pieces. 

A simple example of blanking or punching is the shearing of a 
rectangular plate. By blanking the piece only one operation is 
required in comparison to four operations for each piece which 
would be necessary in shearing. Hence a comparison of blanking 
and shearing costs can be made merely by multiplying the cost 
of the added three shearing operations by the number of pieces 
required and comparing this with the cost of tooling. Naturally, 
the estimate will be approximate since the relative cost per hour 
of the machines used might affect the comparison. Another im- 
portant benefit gained by blanking is the comparatively close 
tolerance that can be achieved. 


““FoRMED’’ COMPONENTS 


Thus far we have considered only flat 
pieces in the preparation of compo- 
nents but we must give thought also to 
“formed’’ type components which are 
required frequently in weldments. Sev- 
eral methods are in general use for 
forming components for weldments. 
One of these is press-bending to make 
horizontal angular bends as are shown 
in Fig. 10. 

Definite reasons for forming opera- 
tions such as bending or fluing have 
been evolved. One is lower cost, for 
angular bends eliminate one or more 
welded joints. The cost of bending 
seldom equals that of the alternative 
assembly and welding. Careful exami- 
nation of the design proportions of 
metal sections might show the economy 
of using the same metal thickness of 
web and flange to utilize the advan- 
tage of a bent section. A bent ‘com- 
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Fic. 12. Tue Formep Seat Cover at THE Lert Is DesicNep To 
Be FastENED BY AN INNER CLAMP 


Assembly, welding and consequent warpage, and the cost of drilled and 
‘ tapped holes are eliminated as in the case of the cover at the right.) 
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Fic. 13. Mettine Pots Usinc FLANGED Propucts aS COMPONENTS 
ponent naturally is more rigid than a flat one. This can be 
important in the control of shrinkage and warpage. 

Another method often of value in component production is 
the specialized forming operation known as fluing. Flued 
openings such as shown in Fig. 11, when machined, provide 
formed seats for covers. Generally, such a cover is designed to 
be fastened by an inner clamp as shown at the left in Fig. 12. 
Treatment permitted by the flued opening eliminates assembly, 
welding, and consequent warpage, and the cost of many drilled 
and tapped holes as shown at the right in Fig. 12. In addition, 
weight reduction is achieved. 

Another function of flued openings in weldments is to provide 
stiffening lips which are executed normally by welding a band 
around the opening where required by design considerations. 


Fic. 14 Corner STAMPING FOR WaATER-COOLED FuRNACE Door 
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15 Furnace Door Usinc Corner STAMPINGS SHOWN IN 


CORNER PIECE 


16 ExpLopep View or Furnace Door 
SHOWING CONSTRUCTION 


Fic. 


Since dies are necessary, flued openings are unwarranted 
economically unless the quantity of openings justifies their use. 
When flued openings are being considered the designer should 
consult the supplier for it is possible that dies exist which can be 
adapted. 

Products of the flanging or spinning machines often are 
utilized to advantage in weldments, as their applications in fhe 


melting pots in Fig. 13 show. The bottom corners of the pot in 
the lower illustration are composed of a flanged head split in half, 
with one half serving for each corner. 

The use of flanged products as components may provide com- 
ponent rigidity, possibly simpler welding conditions, or a reduc- 
tion in welding. Flanging also provides curved contours which 
may be desired for proper functioning or for appearance. 
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Fie. 18 Pump Casing Utitizing Components SHOWN IN Fia. 17 


STAMPING AND PRESSING 


When quantities justify, formed com- 
ponents produced in special shapes by 
forming dies on power presses may be 
used advantageously. Fig. 14 shows 
a small stamping and Fig. 15 shows 
the weldment in which four of these 
stampings form the corners of the piece. 
Forming, required on the remaining 
components, is done on a press brake. 
Fig. 16 shows the relation of the vari- 
ous components in this weldment. 

A useful method of shaping cylindri- 
cal contours is provided by bending 
rolls. A component formed in such a 
manner is shown in Fig. 17. This com- 
ponent is seen readily in the finished 
weldment shown in Fig. 18. 


SHAPES FORMED ON MILL 


At times, shapes formed on a rolling 
mill may be used justifiably in weld- 
ments. Their value as components 
results from two factors: A reduction 
in cost because of elimination of weld- 
ing and initial rigidity which can tend 
to simplify fabrication problems of 
shrinkage and warpage. In consider- 
ing the use of structural rolled shapes, 
the tolerances possible in such rolling- 
mill products should be studied care- 
fully for they may affect adversely the 
design requirements. 

Steel castings are used extensively 
as components in weldments where 
economy in producing complicated 
shape requirements or special contours 
at given points in a particular assem- 
bly are involved. When castings are 
to be used in weldments their physi- 
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Fig. 19 TyprcaL Use or Drop ForGInGs AND FLASH-WELDING TO PROvIDE COMPONENTS OF IRREGULAR SHAPE AND DIFFICULT 


PROPORTIONS 


cal and chemical properties should be 
specified carefully. Also, where size 
permits, it is desirable to have cast- 
ings of electric-furnace steel which 
seems to possess greater cleanliness. 
This is important in obtaining good 
welds with minimum difficulty. 

Drop forgings also may be used 
when their size and quantity justify 
the investment in dies. This prod- 
uct has good homogeneous proper- 
ties, and when properly controlled, 
its tolerances are close. Fig. 19 shows 
such application where several drop 
forgings have been joined by flash- 
welding. 


FABRICATION OF WELDMENTS 


Having considered the production 
and application of components, the 
subject of fabrication from the de- 
signer’s viewpoint in developing a 
weldment is the next consideration. 
The first aspect covers the type and 
extent of available equipment in a 
weldery which will produce the pieces 
designed. This is important since the 
more Hexible and extensive the equip- 
ment, the more freedom there is in 
design. Inaddition, when quantities 
are involved, advantage may be 
gained in designing the job to suit 
particular facilities of a weldery. 
Usually it is well to consult with the 
engineering staff of the weldery most 
likely to be involved regarding these 
matters, particularly if repetitive 
items are contemplated. 

Production methods concerning the 
fabrication of weldments may be con- 
sidered from two aspects. The first 
involves the extent of what might be 
termed “universal’”’ equipment, such 
as positioning facilities, automatic 


Fic. 20 Two DestcNep Frxrures ror Toone WELDMENTS IN QUANTITY Propuction welding units, inspection methods, 
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Fic. 21 


and stress-relieving facilities. Many types and sizes of posi- 
tioning equipment are in use in welderies today. The other 
aspect involves special jigs or fixtures or other types of tooling 
that might be justified or imperative. Usually, if the product is 
to any degree repetitive in quantity, the possibilities in special 
tooling should be considered. 

Also to be considered by the designer to promote economy and 
quality is the possibility of breaking up the weldment into sub- 
assemblies in sizes to suit production equipment. If the final 
size of the part as designed exceeds the limits of available equip- 
ment, possibly it can be redesigned so that a minimum of han- 
dling of the piece in its final size is necessary. Often the use of 
automatic welding equipment with its finite scope and features 
merits a thought in designing the weldment, especially in con- 
sidering the advantage such equipment offers for cost reduction. 

With special tooling, the designer 
should keep in mind that he is dealing 
still with rough component parts de- 
spite measures that might have been 
taken to minimize tolerances. Weld- 
shop tooling naturally is more restricted 
than that usually available in machine 
shops. Tools, such as jigs or fixtures, 
should be designed with the necessity 
of flexibility in mind. Fig. 20 shows 
two special fixtures which are typical. 

Special tooling also might be man- 
datory in order to hold components in 
proper relation to each other during 
the welding operation. Fig. 21 shows 
a special fixture with the weldment in Fic. 23 
place. 

Although subassemblies frequently 
are important to the designer of weldments, design limitations 
often prohibit their use. Obviously, the more work done on 
small pieces, the easier and quicker will be the completion of the 
final assembly. 

A completely welded subassembly is shown in Fig. 22. The 
final weldment is pictured in Fig. 23. Here, design controls the 
method of fabrication, for the lower flange member could be 
made in one piece. In that case at least a portion of the sub- 
assembly welding would have been required on the larger and 
more cumbersome piece. 
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Fic. 22 SuBASSEMBLED COMPONENT OF A WELDMENT 
(Welding is completed before further assembly is done.) 


Lower SEcTION oF Gear-Repuction HovusinG 


Subassemblies of components should be made so that particular 
portions in certain instances can be sized before they become part 
of the final weldment. This practice helps insure that the final 
weldment is close to required dimensions. Where tolerances 
have accumulated, straightening or trimming might be involved. 
The effect of the welding on the completed subassembly from the 
standpoint of warpage or shrinkage has been eliminated as a 
factor on the finished weldment. 

Sometimes in very complicated structures involving con- 
siderable welding, various subassemblies are stress-relieved be- 
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Fic. 24 Wetpep SuBASSEMBLY WiTH ALL WELDING READILY 
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Fie. 25 OF WHICH SUBASSEMBLY SHOWN IN Fia. 24 
Is a Part 


Fic. 27 StrirFENER ARRANGEMENT ON UNDERSIDE OF MACHINE BED 


fore’ being assembled into the whole structure to reduce the 
accumulation of residual stresses. Subassemblies also facilitate 
inspection of welds. At times, where x-ray inspection is speci- 
fied, subassembly welding is necessary, for if the welding were 
not completed and x-rayed in the subassembly, the interference 
of adjacent components in the completed assembly might make it 
impossible to x-ray or repair such welds. At times, subassem- 
blies are welded completely when they include compartments 
subjected to pressure or oil-retention tests. 

Tests are made and necessary repairs completed on the sub- 


assembly piece. Clearly, such practice is more economical than 
to attempt such work on the final piece, if only from the stand- 
point of the relative bulk to be handled in testing and repairing. 

An important reason for careful consideration of subassembly 
possibilities in design is the provision of maximum access for the 
greatest possible amount of the welding to be done, for the more 
accessible the welding, the less it will cost. Also, quality is 
more readily achieved if the welding operator can work under open 
or accessible conditions. Fig. 24 shows a subassembly on which 
all welding to be done is before the operator. Fig. 25 shows the 
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Fic. 28 Two Hatves or Lance Wetpep Macuine Part Wuicu Are AsseMBLED AND WeLpep Into One Piece ArTeR SHIPMENT 
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Fic. 30 Types or INTERSECTION WITHOUT AND WITH TRANSITION Piecr 


completed weldment with the subassembly in place. Obviously, 
welding has been simplified since the joining welds between sub- 
assembly and main assemblies are completed by working through 
the access openings shown. If the welding had not been com- 
pleted in the subassembly it would have had to be performed 
through such openings. This would have necessitated the use of 
a mirror by the welder with resulting slow and consequently ex- 
pensive welding. 

At times it is advantageous to design so that progressive sub- 
assembly is possible. Thus one portion of the weldment is com- 
pleted before it is assembled and welded to other components as 
a step in the final assembly of the completed weldment. 

When maximum access is provided by subassembly practice 
or other design control, inspection can be more conclusive. 
Fig. 23 illustrates design for accessibility with elliptically shaped 
openings, permitting access to the inner side of the joints to be 
welded. Here desirable structural qualities of a box member are 
not sacrificed for access but care has been taken in shaping the 
openings so that abrupt discontinuities in the contour of 
the members are avoided. 

Welded joints of maximum quality and predictability from the 
standpoint of either external contour or internal soundness are 
almost impossible to execute with the manual arc if the joint is not 
reasonably accessible from both sides. However, at certain points 


Fic. 29. Detart or Construction oF CENTER Hus ON PIECE 
SHown In Fia. 28 


where stresses are of secondary nature and fatigue-loading is not 
present in structures, the joints do not require work on both sides. 

In addition to the type of welded joints used, their position in 
the weldment deserves careful design consideration for several 
important reasons besides positioning them for maximum access. 
Whert machined surfaces occur in the design, care in placing 
joints can effect economy, as comparative illustrations given in 
Fig. 26 show. Clearly, if the joint is placed as in Fig. 26 (A), a 
portion of the deposited weld metal will be removed in machining 
operations. Depositing weld metal is expensive and removing 
it is wasteful. The joint placed in Fig. 26 (B) shows how the 
amount of necessary weld metal has been reduced. The joint 
shown need have only the cross-sectional area of that shown in Fig. 
26 (A) after it is machined. Economy may be possible by 
positioning a joint as shown in Fig. 26 (C) which eliminates the 
kerf and its cost, or Fig. 26 (D) which also simplifies fitting, in 
contrast to the same joint detailed in Fig. 26 (A). 
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Shrinkage and warpage problems which exist 
in the production of weldments will continue to 
be a factor so long as drastic heat gradients occur 


ala 


OVERALL HEIGHT 
CAN VARY Yo" 


during welding. A degree of experience is needed 


to be able to predict such effects and to control 
and counteract them. It is impossible to discuss 
this factor here in detail. The designer should, 


LL 


however, sense the general aspects of such 


phenomena so that he does not develop designs 
that may be impossible to produce within neces- 
sary tolerances. 
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Warpage will occur to a great or little degree 
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Fic. 31 Errects or CoNnTROLLING CUMULATIVE TOLERANCES 


At times spoked or diagonal members are indicated by design 
considerations and their intersection usually presents a type of 
joint difficult to fit and costly to weld if proper external contours 
are to be maintained. An example is shown in Fig. 27. Here the 
diagonal pattern of the box stiffeners on the underside of this 
machinery bed is highly desirable from the standpoint of maxi- 
mum rigidity. However, their central intersection presents a 
problem of the nature just described. By the utilization of a 
flame-cut central member, square joints at the intersection have 
been obtained; hence, fitting and welding are simplified. 

Fig. 28 shows a simple treatment of an intersection of spokes. 
The central member in this is a subassembly so designed that the 
spokes do not converge on each other with obviously poor fitting 
and welding conditions resulting. An illustrative sketch showing 
the construction of this central hub is given in Fig. 29. 

At intersections of members subject to high stress levels, 
fatigue, impact, or a combination of these, careful design treat- 
ment is imperative. Contrasting designs of such an intersection 
are shown in Fig. 30, where the left illustration shows the inter- 
section as welded without benefit of a transition member. 
Clearly, in order to provide curved contours, an inordinate 
amount of weld metal would be necessary. In addition, it is 
practically impossible to execute such a welded joint so that full 
predictable strength will result. If necessary, x-ray inspection is 
practically impossible. Fitting conditions are poor and the ex- 
cessive amount of weld metal adds to warpage and shrinkage 
problems. Desirable features of a similar joint as executed in the 
right illustration are self-evident. 

The designer should remember the generality that in a weld- 
ment the fewer separate and different components required, the 
cheaper and better the design will be. 

At times, particularly with secondary members such as ribs or 
stiffeners, slight changes will permit uniformity in size of differ- 
ent components. Such consideration might make quantity pro- 
duction by blanking economically possible. Another somewhat 
minor consideration is the difficulty caused the assembler or fitter 
in trying to identify parts that appear almost the same. 

The designer should keep in mind, also, the possible utilization 
of hot-rolled-bar stock, for often such material can be used by 
making a slight change in dimension of a given cross section to 
conform to standards. 

All components, regardless of the method of producing them, 
are subject to dimensional tolerances. The designer must keep 
this in mind for economy and good fit-up so that he can control 
the ill effects of cumulative tolerances. Fig. 31 gives a simple 
illustration of a typical weldment in which the designer has kept 
cumulative tolerances in mind. The drawing at the left shows 
a partial cross section, while the drawing at the right shows a 
similar cross section in which the point has been ignored. 


depending on the relative size of given welds and 
their distances from the neutral axis of the as- 
sembly. This is due simply to the relative ability 
of a member to resist shrinkage stress imposed at 
different points in its cross section with respect 
to the neutral axis of that cross section. 

Welding results in shrinkage both longitudinally and at right 
angles to the weld metal. The extent varies for sizes as well as 
types of welds. When the number of different sizes and types of 
welds occurring in an average weldment, and their length and 
position with respect to each other are considered, it can be 
realized that control of warpage is to a large degree a matter of 
practical experience. Sequence of welding also should be care- 
fully controlled as a counteracting measure. At times special 
fixtures are used to restrain warpage during welding. 


CONDITIONING AND INSPECTION METHODS 


Following completion of welding, it is an established practice 
to condition the weldment by removing spatter, grinding edges 
or surfaces where specified because of design requirements, and 
gritblasting when size permits. 

Spatter is removed for appearance and to insure that it will not 
drop off progressively when the weldment is in service. Spatter 
can be detrimental mechanically if, for instance, it were left in a 
lubricating-oil compartment. 

Weldments are gritblasted to remove mill scale from plate 
surfaces and to facilitate visual inspection of welds. Undercuts 
usually are more difficult to detect before the weld is gritblasted. 
Welds are inspected visually for proper size, surface cracks or 
other surface defects. X ray is used to inspect welds for internal 
defects. Various specifications such as those of the A.S.M.E. and 
the U. S. Navy provide inspection standards for the acceptance or 
rejection of welds by means of x-ray photographs. 

Hydrostatic testing often is required by design specification. 
Oiltight compartments should be checked and tested before the 
part leaves the weldery. Finally, the weldment should be laid 
out for a final inspection at the weldery to verify that it is dimen- 
sionally correct within specified tolerances. 

Any weldment to be machihed, subsequently, to any apprecia- 
ble degree should be stress-relieved if the machined surface or 
other parts of the weldment are to hold their relationship within 
service life. Any weldment subjected to severe stresses or to 
fatigue or impact, also should be stress-relieved. Especially is 
this advisable since locked-up stresses, the magnitude or direc- 
tion of which cannot be predicted, can be of a high order follow- 
ing welding. If normal service loading imposes design stresses 
having the same direction at a given point as that of a residual 
or locked-up weld stress, structural distress or failure can result. 

Many weldments are in use that have not been stress-relieved. 
Hence definite predictions cannot be made that difficulty will 
result for a given type of weldment in the unstress-relieved state. 
Stress-relief therefore may be regarded somewhat like insurance 
having a low premium rate because the per pound cost of stress- 
relieving is usually only a fraction of a cent. 
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SPECIFICATIONS FOR WELDMENTS Steel specification? 

Inspection agency, if any? 

Weld sizes and to what standard? 

General tolerances or any special tolerances? 


A weldment should be specified clearly and concisely so that no 
misunderstanding results, and to insure from the equitable stand- 
point, that each potential vendor is quoting on the same condi- 


tions. It is important, for instance, that the weldery know if the pore “| f here? 
weldment must be produced under a code requirement. _ aay ee 
Stress relieve? 


Over-all tolerance requirements on various dimensions of the 
weldment should be considered carefully. The designer might 
be inclined to make everything tight to ‘‘be on the safe side.” 
But this can be a costly practice compared to that of evaluating 
requirements intelligently. Often, a relatively close tolerance, 
under given conditions of size, shape, and amount of welding, at Many types of weldments or components for weldments can 
some point in a weldment can be costly toachieve. Properstudy be designed effectively into welded machinery parts. Cate- 
might show that the tolerance can be loosened without affecting gorically, machinery parts, as distinguished from other types of 
the service performance of the weldment. In this instance it is 
common practice to consult with the weldery to achieve, mutually, 
the best conditions, 

This check list of specifications and drawing information will 
give the weldery proper and clear directions: 


Paint? Ifso, what type and how many coats? 
X-ray requirements? To what code? 
Test—hydrostatic? Ifso, at what pressure? 
Test—oiltightness? 
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Fic. 34 ON Mopet or WELDED ENGINE Bep 
Fic. 32. Canti.everR Beam SHOWING THREE Destans IN Wes 


(Stresses under lateral load can be read from the strain gages visible in 
OPENINGS the illustration.) 


structural members, can be defined as 
parts required to resist or support mov- 
ing forces; parts subjected to dynamic 
loading. 

Dynamic loading or applied forces in 
motion can involve additional factors or 
criteria, i.e., fatigue and impact, to be 
considered in the design of the part and 
the proper selection of its material. 
These two factors, alone or in combi- 
nation, often can affect materially, or 
control the shape, material, and manner 
of fabrication of a mechanical structural 
member. 

If fatigue and impact are of major con- 
sideration, those properties of the mate- 
‘rial determining its resistance to such 
loading should be known. As we know, 
such properties generally are referred to 
as the endurance limit with respect to 
fatigue, and impact resistance in relation 
to impact. This latter property some- 
times is related to temperature. 
Fie. 33 Crrc_te SHEAR FRAME External contours of a part subjected 
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Fic. 35 Test Setup Tro DETERMINE ACTUAL STRESSES UNDER LOAD ON PIECE SUBJECTED TO INTERNAL H®¥pRoOSTATIC PRESSURE 


to dynamic loading, particularly when fatigue is probable, are 
an important consideration especially when the member is sub- 
jected to primary loads. They are extremely important at the 
points of changes in contour in a structure of irregular shape. 

Contours influence the effectiveness of a load-carrying member 
from a general standpoint. Proper contour denotes efficient dis- 
position of material which is fundamental in control of weight. 
As an example, the component shown in Fig. 32 (A) is less rigid 
for a given over-all weight than that shown in Fig. 32 (B).  Dis- 
posing metal as shown in Fig. 32 (C) is more effective from this 
standpoint. An example of such design thought in an existing 
welded structure is shown in Fig. 33. 


Fic. 36 Apsstract EXAMPLE or Two 


Fic. 37 APPLICATION OF WELDED TUBULAR STRUCTURE 
(Main beam of this welding positioner is tubular in cross section. It is subjected to combined bending 


and torsional stresses.) 


Internal contours, those bounding openings in a structure, are 
worthy of careful consideration in the design of machine parts, 
especially since mechanical structures usually require openings 
of varying sizes and shapes for such reasons as fabricating or 
operating accessibility, or for mechanical clearance. 

Often the effectiveness of proper, flowing contour, particularly 
its value in rigidity, is mathematically indeterminate. Where 
maximum rigidity or strength for least weight is important, 
model analysis is possible. Fig. 34 shows the setup for such an 
analysis of a welded machine part. Actual stresses in a product 
also can be determined by the use of instruments such as strain 
gages shown in Fig. 35. 


MeruHops or ResistinGc TorRsIoNAL Force 


WEIGHT CONTROL 


Frequently, minimum weight is a 
major factor in designing structural 
members of machines, and the weight 
of a mechanical part can be controlled 
by one or more considerations. Suffi- 
cient strength is the first fundamental. 
Several considerations can be involved 
in designing for the strength factor. 
One is a properly adjusted factor of 
safety. A minimum factor of safety 
is important in designing for least 
weight. If it is known definitely that 
no internal voids can or need exist in 
a given cross section subject to primary 
dynamic stress, one element making 
up the factor of safety has disappeared, 
or at least is under control. 

This control can be exercised in pro- 
duction of weldments if design permits. 
It is axiomatic that in designing for 
least weight the shape should be as regu- 
lar and flowing as possible, as the previ- 
ous discussion of contours reveals. 
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Fic. 39 Wetpep FRAME FoR C-Typr, OR OPEN-SipE, HypRAULIC 


Press 


Another consideration in the strength factor is the exactness « f 
knowledge of the magnitude, direction, and location of the dyr- 
amic forces with respect to each other and their reactions in- 
volved in the machine. In designing machine parts, particularly 
for least weight, it is important that these be predicted as closely 
as possible. 

After this has been done, the material resisting or supporting 
such forces or reaction can be disposed in a weldment to best ad- 
vantage consistent with mechanical clearance requirements bal- 
anced against the necessity for least weight. 

As an instance, Fig. 36 shows an abstract example of two 
methods of resisting a torsional force. There is no questioning 
the effective disposition of metal in a tubular design. Nor is 
there any questioning that the effective disposition of metal in- 
sures least weight. Fig. 37 shows an example of this concept in 
an existing machine part. 

Another example of effective metal disposition is shown in the 
spokes of an enormous machine part, the cross section of which 
appears at the left in Fig. 38. The illustration at the right shows 
the spoke as it was designed initially because of casting limita- 
tions, 


Riaipiry A Facror 


The dominant factor in the design of structural parts for ma- 


Continuous Banp Hyprau tic-PRess 
FRAME 


Fig. 40 


chines sometimes is rigidity, or stiffness, rather than strength as in 
the instances just discussed. The primary function of the spokes 
in Fig. 38 is maintenance of alignment between machined parts in 
the structure to the greatest possible degree. Rigidity or 
minimum deformation dominates in the design of the C-type, or 
open-side press frame shown in Fig. 39. This weldment is com- 
posed exclusively of hot-rolled plate with metal thickness at any 
point dictated solely by design requirements. 

A welded design that embraces directional control of rigidity 
is shown in Fig. 40. Purely vertical deformation or elongation 
is a secondary consideration in the function of this machine. A 
somewhat normal design for the structural parts of such a press 
is composed of top beam or platen, lower beam or bed, and side 
housings; all separate pieces integrated by two or four vertical 
tie rods secured by nuts at both ends. 

In such a design, it can be seen readily that in addition to 
vertical, straight-line elongation, the upper and lower beams will 
tend to deflect as beams in a manner detrimental to the alignment 
of tools and work in the press. That such detrimental tendency 
is practically eliminated is shown in this design where the single 
structural member resists the working forces imposed on it in 
direct uniform tension. 

The stabilization of thin and unsupported expanses of metal is 
a new element which requires watchfulness in the design of weld- 
ments for machinery, since the basic properties of the component 
materials are more predictable and process limitations on the 
thinness of metal sections are nonexistent. These thin and un- 
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Fic. 41 ComPparaTIVE TREATMENTS OF BOLTING FLANGES IN A 
WELDED Part 


supported expanses of metal may be detrimental to the operation 
of the machine for several reasons. One is the possibility of 
“drumming” or vibration, another is fundamental instability, 
and the third is the possibility of dents or distortion in normal 
handling of the structure. 

Many possible methods of stabilizing expanses of cross section 
exist. Usually the imagination of the designer is fertile in the 
solution of the problem, if it is recognized. 


Size LimitraTIon 


Generally, the fewer number of pieces required to make up a 
machine structure, the less it will weigh and cost, and the stiffer 
it will be in contrast to a one-piece structure. The only limita- 
ticns on the size of a weldment are those imposed by stress- 
relieving facilities and shipping clearance. 

Another type of freedom that should be kept in mind by the 
designer of weldments is the possible use of higher-strength weld- 
able alloys in highly stressed portions of the structure. The 
secondary components or elements of the piece can be of cheaper, 
plain carbon steels. Weldable alloys, of course, add nothing in 
rigidity or stiffness since the modulus of elasticity remains 
practically the same. 

Factors of primary importance in the economic balance or com- 
petitive comparison of a welded-steel design must be evaluated 
clearly. The fundamental reason for assuming that a weldment 
is the proper medium must be unmistakably defined. This 
reason may include natural adaptability, and predictability, 
minimum weight, and initial cost. Having established this, it 
must be realized that the weldment undoubtedly will not re- 
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Fie. 43 Comparative ILLUsTRATION SHowING A Direct-Drive 4-Crcte Diese, ENGINE oF 
1926 AN Etecrric-Drive 2-CycLe ENGINE oF Topay 
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SIGNED FOR Wercur sy Currinc Out AREAS OF FULL 

THICKNESS BETWEEN FUNCTIONAL HOLES AND FILuina THemM 

THINNER Piate. THe Lower Component Is Composep oF ONE 
FuamMe-Cut PLate 


semble a casting in appearance. This dves not imply that the 
welded machinery part will be displeasing to the eye. It means 
simply that anything produced by a radically different process 
logically will be different in appearance. If it is not, the design 
should be reviewed critically because the chances are that it is not 
economical as a weldment. 

A simple instance is shown in Fig. 41 where at A, the common 
detail of a bolting flange is shown. In a casting many changes 
in contour do not affect the cost particularly. In a weldment 
such details necessitate a greater number of components and 
consequently a larger number of manhours to join them. At B 
an alternate detail is shown which fulfills the same function. 
These are examples of actual applications in use in thousands of 
weldments. 

On the other hand, if weight reduction is of critical importance, 
the over-all economic balance might dictate the added complica- 
tion in the weldment. A natural question here is, “why not 
cast it?’”? The answer has been found to be that if weight re- 
duction is the primary criterion for given requirements of space 
and over-all size, a weldment can be designed which will weigh less 
than a casting and not affect the strength or rigidity. 

Another comparison between two components of a weldment 
that perform the same function is shown in Fig. 42. The upper 
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detail is more costly but lighter in weight than that shown in the 
lower half. If quantities of duplicate parts are involved, other 
methods of achieving minimum weight at lowest cost also are 
possible. 

In making a decision on the value of weldments as structural 
members in a machine, the broad measures of their desirability 
should be known and considered. Logically, a weldment should 
not be used simply because a desire exists to design in this 
medium. By the same token a casting or forging should not be 
used if a weldment presents greater advantages. 

In this discussion weight control or reduction may seem to 
have been emphasized. This is due simply to the progressive 
recognition of the fact, particularly in relatively large pieces 
weighing 200 lb or more, that weldments have been applied 
admirably where weight is important. Undoubtedly, the in- 
herent features making this possible are predictability and the 
fact that the process practically imposes no limit on the thin- 
ness of sections. The weight factor can be important in ma- 
Fundamentally, it is the mini- 


chine design for many reasons. 
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mizing of inertia forces in moving parts of machinery. Another 
is the pyramiding of the effects of weight or mass in mechanisms 
subject to high velocity, as the modern railroad passenger 
car. 


CONCLUSION 


In conclusion, the result of the practical application of the 
many factors discussed probably can be best illustrated by a 
particular instance of weight and space efficiency in the use of 
weldments. A comparison, in Fig. 43, of a direct-drive four- 
cycle Diesel engine of 1926 with an electric-drive two-cycle 
Diesel engine of today shows that the modern smaller engine 
represents a reduction of 67.39 per cent in cubic feet occupied per 
brake horsepower, and also a reduction of 58.40 per cent in weight 
per brake horsepower. The development of welded-steel-type 
construction has materially helped in reducing weight. At the 
same time, the lighter engine of today is 50 per cent more efficient 
than the heavier engine of 20 years ago. 
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Small tensile specimens made from low-carbon, carbon- 
moly, 2'/, Cr- 1 Mo, 5 Cr-Mo-Si, 9 Cr-Mo-Si, 12 Cr, 18 Cr- 
8 Ni, 25 Cr-20 Ni, and 5 Cr-Mo-Ti steels were placed in a 
steam reaction chamber at 1200 F and stressed in tension 
for periods of time ranging from 10 hr to 7700 hr. Data 
were taken on time to rupture, elongation, reduction in 
area, depth of scale layer, effect of type of flow, and type 
and angle of fracture. A photomicrographic study was 
made of the ruptured specimens. The straight-line 
relationship between stress and time to rupture on log-log 
co-ordinates postulated by White, Clark, and Wilson for 


tests in air also holds for tests in steam. 
A alloy steels are exposed in modern steam power plants 
and other industrial apparatus become more severe, the 
need for experimental data concerning the behavior of these 
alloys under such conditions becomes more acute. 


the conditions of temperature and pressure to which 


This paper 


Type — 

Type of steel number C Mn Pp 8 

Low carbon 1 0.16 0.47 0.084 0.023 0. 
Carbon-moly 2 0.200.53 0.01 0.016 0. 
* 2.25 Cr-1 moly 3 0.16 0.39 —0.03 0.03 0. 
5 Cr-Mo-Si 4 0.10 0.38 —0.03 0.03 1. 
9 Cr-Mo-Si 5 0.12 0.44 —0.03 0.03 0. 
12 Cr 6 0.11 0.41 0.014 0.013 0. 
25-20 7 0.11 0.58 —0.03 0.03 0. 
18-8 8 0.06 0.50 —0.03 0.03 0. 
5 Cr-Mo-Ti 9 0.10 0.44 —0.03 0.03 0. 


describes an investigation in which small steel specimens were 
placed in tension in an atmosphere of steam at 1200 F until 
rupture occurred. The stress-rupture data for various alloy 
steels in contact with high-temperature steam are needed for the 


design of various types of high-temperature steam-generating 
equipment. 


DESCRIPTION OF APPARATUS 


Small steel specimens were placed in tension inside four hori- 
zontal steel reaction chambers, each of which consisted of a 10-ft 
length of extra-heavy 2-in. steel pipe. These reaction chambers 
were uniformly heated externally to the test temperature by 
means of resistance heaters. The steam entering the reaction 


1 Based on a doctoral thesis, Purdue University, Lafayette, Ind., 
1944, by one of the authors.? 

? Assistant Professor of Mechanical Engineering, Purdue University. 
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Stress-Rupture Characteristics of Various 


Steels in Steam at 1200 F 


By J. T. AGNEW,? G. A. HAWKINS,? anv H. L. SOLBERG* 


TABLE 1 CHEMICAL ANALYSIS AND mC FOR STEELS USED IN THE 


—Chemical Analysis 


tubes was presuperheated to test temperature by means of gas- 
fired superheaters and, after leaving the reaction chambers, was 
conducted to water-cooled copper-tube condensers. In each re- 
action chamber, several specimens were connected end to end by 
universal joints and were loaded in tension by means of rods which 
passed through packing glands at either end of the reaction tubes. 
One end of each tension rod passed through a calibrated spring 
which, when compressed, caused the specimens to be placed in 
tension. Chromel-alumel thermocouples were used to measure 
the temperature at several positions along each reaction 
tube. The temperatures were evaluated by means of a Leeds & 
Northrup portable potentiometer. 

The chemical analysis and heat-treatments of the various steels 
used in these tests are reported in Table 1. The numbers used to 
designate a specimen, for example, 913, have the following sig- 
nificance: The first number is the type of steel, as given in 
Table 1, the second number is the test number, and the third (or 
third and fourth) number is the specimen number. Therefore, 


Si Mo Cr Ni Ti Heat-treatment 
20 1650 F 
Air cooled - roll. 
temp. strain tem- 
24 0.50 pered from 650C 
33 0.90 2.24 An. 1550 F 
55 0.51 4.83 An. 1550 F 
Nor. 1750 F 
67 0.95 9.5 1500 F 6 Hr 
-Q. 950 C 
286 12.66 0.385 Air cooled-625-635C 
75 23.6 20.65 Nor. 1700 F 
61 17.75 9.25 W.Q. 2000 F 
38 0.50 4.98 0.51 An. 1650 F 


913, would be the third sample of 5 Cr-Mo-Ti steel used in test 
No. 1. 

Test specimens similar to the one shown in Fig. 1 were ma- 
chined from round stock of 1 in. diam. The dimensions of the 
straight central section of the test specimens were in the same 
proportions as the standard tensile specimen which is 2'/, in. 
long and 0.505 in. diam. The straight central section of each 
specimen was machined to a tolerance of +0.01 in. in length, 
and the diameter of the test section was held to +0.001 in. For 
the specimen with the smallest test section, 0.138 in. diam and 
0.61 in. long, this could result in an error of +400 psi in the calcu- 
lated stress, and for the specimen with the largest. test section, 
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(0.366 in. diam and 1.63 in. long, an error of +30 psi in the calcu- 
lated stress would be possible. Holes ®/3: in. diam were drilled 
in the large ends of the specimens, as shown in Fig. 1, for the pur- 
pose of allowing several specimens to be coupled together. Eight 
specimens were coupled together and placed in each tube by 
means of collars and pins shown in Fig. 1. The collars consisted 
of 13/,-in. lengths of 1!/:-in-OD x 1-in-ID 18 Cr-8 Ni stainless- 
steel tubing. Stainless-steel pins '/, in. diam were passed through 
the holes in the collars and specimens to hold the specimen train 
together. The pinholes in each collar and specimen were placed 
90 deg apart around the circumference in order that each collar 
might act as a universal joint. The end collars of the specimen 
train were drilled and tapped with a standard '/,-in. pipe thread. 
Tension rods were screwed into the end collars and extended to 
the outer steel framework. The outer ends of the tension rods 
passed through holes in parallel I-beams which formed the end 
pieces of a rectangular frame around the reaction chambers. A 
collar, thrust bearing, and nut were placed on the end of the ex- 
tension rod nearest the superheater to transfer the tension load 
to the I-beam frame. The tension rod at the other end of the 
specimen train passed through a calibrated coil spring which was 
compressed against the I-beam frame by means of a collar, 
thrust bearing, and adjusting nut on the tension rod. The 
springs were compressed to exert a constant force of 500 Ib on 
the train of specimens. 

By using specimens whose test sections were of various diame- 
ters, any desired value of stress could be obtained. The diameters 
and stresses used for the various specimens are indicated 
in Tables 2 and 3. The compression of the calibrated loading 
springs was checked continuously by means of gage bars, and the 
springs were held to the correct length with an accuracy of 
+ 0.005 in. so that the absolute force exerted by the springs was 
500 lb + 4 1b. For a specimen 0.2 in. diam this would mean a 
stress of 15,900 +100 psi. A stop was provided to restrict the 
movement of the broken assembly to not more than !/2 in. 
Approximately 45 min were required to remove a ruptured speci- 
men and replace it with a new one. The temperature at one end 
of the tube dropped to approximately 1150 F during this opera- 
tion but returned to 1200 F within 1 hr after a new specimen was 
inserted. 


Test ProGRAM 


It was decided to conduct a short preliminary test on several 
specimens of the same steel to investigate the effect of type of 
steam flow and pressure upon the corrosion rate. Eight speci- 
mens of 5 Cr-Mo-Ti steel, designated as series 9 in the tests, 
were machined so that, with a load of 500 lb, four of the speci- 
mens would be under a stress of 6900 psi, and the other four under 


TABLE 2 RESULTS OF PRELIMINARY STRESS-RUPTURE TESTS 


(Temperature: 1200 F ~ 10 F) 
Test No. 1 
Test chamber W — Re = 1100, P = 130 psig 
Test chamber S — Re = 5500, P = 130 psig 
Test chamber N — Re = 5500, P = 75 psig 
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a stress of 6200 psi. One specimen corresponding to each stress 
was placed in each reaction chamber so that each chamber con- 
tained two specimens. The temperature, pressure, and steam- 
flow conditions were maintained as indicated in Table 2. The 
results of the test are also given in Table 2. 

Specimens 916, 917, and 918, under a stress of 6200 psi, were not 
ruptured during the test. While waiting for specimens 911, 
912, 913, 914, and 915 to break, additional specimens of three 
different types of steel were inserted into the reaction tubes to 
gather what additional stress-rupture data could be obtained. 
The results obtained from these additional specimens are in- 
cluded in Table 2. Since the results from this preliminary test 
were not conclusive, it was decided to maintain different flow and 
pressure conditions in the four reaction chambers during the re- 
mainder of the test program with several samples of each steel 
being exposed to the various conditions. 

On the basis of the data of the relation of stress to time to 
rupture in steam, as determined from the preliminary test, the 
second or regular test was started with eight specimens in each 
reaction tube. The results of this test are given in Table 3. 
Flow rates were adjusted to maintain laminar flow with a Rey- 
nolds number of 1100 in the reaction chambers containing steam 
at 5 psig, and turbulent flow with a Reynolds number of 5500 in 
the reaction chambers in which steam was used at 75 and 100 psig, 
as indicated in Table 3. Each time a specimen ruptured it was 
replaced by a new specimen. A complete history of each speci- 
men including temperature, type of steam flow, stress, time to 
rupture, type and angle of fracture, elongation in area, etc., is 
given in Table 3. The stress-rupture results are plotted in Fig. 
2, with stress as the ordinate and time to rupture as the abscissa 
on log-log co-ordinates. 
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The elongation of the ruptured speci- 
mens is reported in Tables 2 and 3 as a 
percentage of the original length of the 
specimen and was determined by meas- 
uring with a pair of dividers the length 


Test chamber E — Re = 1500, P a 5 psig of a straight section of each test speci- 
: tion in Type and angle men between two punch marks before 
Time for Elonga- area, Depth of of fracture . d 
Spec, Test rupture, Stress, tion, = 2 + 3 scalelayer, | D—Ductile insertion into the reaction chamber an 
no. chamber br psi per cent per cent in. B—Brittle repeating the measurement on the rup- 
911 Ww 318 6900 77 0.0044 D — 45° f 
6900 63 0.0066 D ~ tured specimen with the two sections 
914 E 1010 6900 90 71 0.0105 D — 60° the broken specimen placed as close 
915 WwW 545 6200 71 74 0.0049 D — 45° together as possible in the positions they 
916 8 Not broken 
oi? N Not broken occupied prior to rupture. 
ot broken ion-i 
are re as the ra 
512 256 9600 82 0.0013 D — 85° ‘inal 
811 Ww 1305 16000 8 19 <0. 0003 B — 90° of the difference between the origin 
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TABLE 3 RESULTS OF STRESS-RUPTURE TEST NO. 2 
1200 F + 10 F) 
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VISUAL DETER: 
TYPE OF INITIAL INITH 
SPECIMEN | TIME FOR REDUCTION | DEPTH OF STEAM FLOW ANGLE OF | LENGTHOF | DIAMETER OF 
NUMBER RUPTURE, STRESS, | ELONGATION, IN soe PRESSURE, | EXPOSEDTO |TeMPERATURE| FRACTURE TEST TEST 
HOURS Ps! 22% LAMINAR SECTION, SECTION, 
T- TURBULENT INCHES INCHES 
121 3588 5770 19 29 75 T B-45° 148 0333 
122 4671 4740 12 50 100 T B-90° 163 0366 
126 10 12500 26 61 ooos7 | 5 _0-45° 100 0225 
127™* 57 9500 37 66 00075 ed L 0-45° Lis 0259 
128M 8200 24 59 5 D- 45° 124 0279 
129M 1261 7000 20 42 0.0367 100 T B- 80° 134 0 301 
27 16000 30 54 0.0045 5 1-90 088 0199 
pau _ 857 6800 21 oozes [ 8-45° 136 0 306 
221 63 15200 32 46 0 0080 5 8 -90° og! 0.204 
222 12600 6 42 oo24 § 8-60° 100 0.224 
223 696 10700 20 29 | 100 8-85° 108 0243 
224 253 9550 36 8 -70° 115 0259 
225 760 8400 20 47 00322 | 5 L 8 -45° 123 0.276 
226 3047 7800 13 35 0.0596 75 T 8 - 80° 127 0.285 
227 1301 7400 23 4! 0.0398 5 L | B - 60° 130 0292 
228 7587 6900 16 47 75 T | 8 -80° 134 0.302 
229 5900 ! L47 0.329 
2210 144 16000 20 40 0.0101 76 T 1 -90° 088 aig99 
2212M 312 9100 29 8 - 90° 118 0.265 
321 226 11300 62 | 5 0 -45° Los 0236 
322 14 10400 45 80 on 100 T > D -80° 1.10 0.247 
323 2884 9200 ra 70 5 0-45° Li? 0.263 
324 8600 a 0.271 
325 1908 8400 ai 89 D- 90° i23 0276 
326 isi9 8400 61 88 | 100 T D- 90° 123 0.276 
327 7750 1.28 0287 
328 46 14400 49 89 0.0075 5 L m 0-90° 094 0.210 
329 50 13000 7 9 0.0079 a = 0- 60° 098 0.220 
421 154 9550 117 91 0.0016 0-85° Lis 0259 
422 209 8500 13 a4 0.0058 5 L boa 0-60° 122 0.273 
423 1237 7750 67 78 0.0069 100 T Fy 0-45° 128 0.287 
424 (709 7300 68 71 0.0088 75 T er 0-45° 1.32 0.295 
425 2522 6700 56 0-45° 37 0308 
426 6450 D 140 0.314 
427 6400 141 0.316 
428 4007 6100 60 De T 1- 45° 0.323 
429 3613 5450 5 1- 90° 0.34! 
4210 142 11000 158 89 00029 100 T — D- 70° 1.07 0.240 
421 166 7600 6! 75 75 T D-60° 1.29 0.289 
42i2M 1340 6900 82 65 0.0075 75 T fo) 0-45° 35 0.303 
52! 56 12000 14 86 0.0006 5 L Q 0- 90° 1.02. 0.230 
$22 83 11000 65 84 0.0007 5 L n 0-90° 1.07 0.240 
$23 287 9100 107 86 0.0013 5 L I+ 0-80° 118 0.264 
$24 258 8600 155 84 0.0016 5 L 0-85° 121 0.272 
525 1734 8300 95 rT 0.0019 75 T to) 0-85° 123 0277 
$26 1970 8300 84 78 0.0023 75 T aa) D-70° 123 0.277 


T 
T 0-90° 1.20 0270 
L 0-85° 125 0.280 
L B-90° 091 0.205 
622 624 13700 38 48 100 T 096 
623 942 12300 43 54 20009 100 T 8-85° 1.01 0.226 
624 260 11800 51 68 00009 6 L 1-80° Los 0231 
625 538 11000 53 00012 1-80° 107 0.240 
626 2264 10700 68 i 75 T 0-90° 1.09 0.244 
627 2792 10400 7 78 75 T 0-90° 1.10 0.247 
628 2517 10000 $9 79 00017 75 T 0-85° Li2 0.252 
629M is 17750 58 92 0.0002 5 L 0- 90° 085 0190 
6210 339 16100 30 46 0.0011 100 T 1- 70° 088 0198 
6211 899 13000 20 53 100 T 1-80° 098 0.220 
6212M 569 11700 57 0.0012 T 0-85° 103 0232 
721 937 ~ 12500 68 36 > 0.000 75 T B-90° 1.00 0.224 
722 1552 9950 75 49 0000! 100 T 8-90" 0.253 
3810 8400 70 42 8-90° 123 0276 
724 107 17000 49 31 > 0.0001 5 L B-90°cup 0.86 0.193 
725 177 15300 40 > 0.0001 8-80" 0.90 0.203 
726 977 11000 64 44 »>0.0001 75 T 6-90° 107 0240 
263 19000 36 33 » 0.0003 08! 0.183 
822 7720 14000 1s ut 75 T B-85° 095 0213 
823M 22600 28 31 > 00003 6-90° O75 0.168 
824 33400 23 25 0.0003 5 L 8 -90°qup Os! 0.138 
825 45 27600 SI 38 0.0008 5 L 8 -90° 068 0.152 
826 1145 17000 43 . 0.0013 75 7 B-80° 086 0.193 
921 182, 9400 83 7 0.0038 100 45° 126 
922 291 7000 66 0.0088 5 0-45° 134 
923 2606 6300 77 6! 0.0102 75 T 1-45° 142 0.318 
924 3109 5950 52 49 75 T 8-45° 146 0.328 
925 55 9700 61 70 00049 5 Ll 0-45° 1.14 0.256 
926 288 8000 55 59 0.0084 5 L 1-? 1.25 0.281 
927 1100 7000 45 49 100 T 1-45° 134 0.301 


“THE LETTER "M" REFERS TO A SPECIMEN WHOSE TEST SECTION WAS MACHINEDFROM A PREVIOUSLY TESTED UNBROKEN SPECIMEN (SEE DISCUSSION OF RESULTS) 
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Fic. 3 Srress-RuprurE CHARACTERISTICS OF NINE ALLOY STEELS 
IN STEAM aT 1200 F 


and final areas to the original area in per cent and are based 
on a measurement of the original diameter of the specimen 
by a micrometer and a measurement of the final diameter, not 
including the scale layer, by a pair of dividers. 

Due to the size and shape of the specimens it was not possible 
to determine the loss of metal due to corrosion by electrolytic 
stripping as was used in previous corrosion studies (1, 2, 3, 4, 5)5 
at Purdue University. Some of the specimens were exposed to 
the steam for a short time interval, thereby producing a thin 
layer of oxide which could not be removed by the electrolytic 
stripping method. For the small specimens used in these stress 
tests a satisfactory method of determining the penetration of the 
scale layer was developed. A small section of the scale-covered 
ruptured specimen approximately '/, in. long was cut off by 
means of a cut-off wheel. This section was molded in bakelite 
and polished. By means of a precision microscope it was possible 
to measure the thickness of the scale layer quite accurately. The 
results of the corrosion measurements are given in Tables 2 and 
3, and in Fig. 3. 


DIscussioN OF RESULTS 


The slopes of the stress versus time-to-rupture lines for the 
various alloys, as plotted in Fig. 3, are as follows: Low carbon, 
0.147; carbon-moly, 0.200; 2'/, Cr-1 Mo, 0.128; 5 Cr-Mo-Si, 
0.154; 9 Cr-Mo-Si, 0.095; 12 Cr, 0.105; 25 Cr-20 Ni, 0.172; 
18 Cr-8 Ni, 0.157; and 5 Cr-Mo-Ti, 0.121. The significance of 
these various slopes is that a steel with a large slope would not be 
expected to have a high rupture stress for long time intervals 
such as 100,000 hr. Table 4 presents the stress required to 
rupture each of the steels for time intervals of 10, 1000, and 10,000 
hr. 

Of the nine steels tested, carbon moly is sixth in order at 10,000 
hr, whereas it was third at l1Ohr. 9 Cr-Mo-Si was eighth at 10 hr, 
is fifth at 10,000 hr and would be third at 100,000 hr if the 
straight-line relationship continued to hold. 

In general, the stress required for rupture in a given time in an 
atmosphere of steam at 1200 F is higher than the stress required 
for rupture in the same time in air at 1200 F, the air values being 
taken from the data of the Timken investigators (6, 7, 8). The 
nine alloys which were included in this investigation are listed 
in Table 5, in the order of decreasing magnitude of the differences 
between the stress in steam and the stress in air required for 
rupture in 10,000 hr. The magnitude of the ratio of stress in 
steam to stress in air is indicated following each alloy. 

5 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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TABLE 4 STRESS REQUIRED TO CAUSE ad al OF VARIOUS 
ALLOY STEELS AT 1200 
-——-In 10 hr——. ——In 1000 hr——.  —-In 10,000 


(1) 18 Cr-8Ni.....35000 18 oe Ni....16800 18 Cr-8 Ni....11600 
(2) 25 Cr-20Ni....25000 12C 12 ll eee 9400 
(3) -21500 25 Cr. 20 Ni...11200 25 Cr-20 Ni... 


(4) 19500 21/4 Cr-1 Mo.. 9400 2!/4Cr-1 Mo.. 7 

(5) yD Cr-1Mo...17000 Carbon- ney 8600 9 Cr-Mo-Si.... 6800 
(6) 5 Cr-Mo-Si....15500 9 Cr-Mo-Si.... 8500 Carbon-moly.. 5450 
(7) Low carbon....13500 5 Cr-Mo-Si.... 7600 5 Cr-Mo-Si.... 5300 


(8) 9 Cr-Mo-Si....13200 Lowecarbon.... 6900 5 Cr-Mo-Ti.... 5000 
(9) 5 Cr-Mo-Ti....11500 5 Cr-Mo-Ti.... 6700 Lowcarbon.... 4900 


Extrapolated. 


TABLE 5 DIFFERENCES BETWEEN STRESS IN STEAM AND 
STRESS IN AIR REQUIRED FOR RUPTURE IN 10,000 HR OF 
VARIOUS ALLOYS 


Type of steel 
Low carbon 
12 Cr 
Carbon moly 
25 Cr-20 Ni 
5 Cr-Mo-Si 
18 Cr-8 Ni 
2.25 Cr-1Mo 
9 Cr-Mo-Si 
5 Cr-Mo-Ti 


Ratio of stresses 
in steam to air 


The results of the attempt to determine the effect of turbulent 
or streamline flow upon the stress-rupture results were incon- 
clusive and no definite conclusions could be drawn concerning this 
effect. 

The results of the measurement of the thickness of the scale 
layers are given in Tables 2 and 3, and in Fig. 3. As in previous 
tests at Purdue University (1, 2, 3, 4, 5), the chromium content of 
the alloy is the critical factor in the determination of the depth 
of corrosion. The alloys can be divided into four general groups 
relative to the type and extent of corrosion. The two alloys, 
low carbon and carbon-moly, show serious corrosion, having a 
thick, porous but tightly adhering layer of scale. Alloys 2'/, 
Cr-1Moly, 5 Cr-Mo-Si, and 5 Cr-Mo-Ti show appreciable cor- 
rosion and have a brittle flaky layer of scale. Alloys 9 Cr-Mo-Si 
and 12 Cr exhibit a slight amount of corrosion, while the cor- 
rosion of alloys 18 Cr-8 Ni and 25 Cr-20 Ni is very slight. It is 
to be noted that the corrosion results of the stress-rupture tests 
cannot be directly compared to the corrosion results obtained 
previously at Purdue University (1, 2, 3, 4, 5), since in the previ- 
ous tests the results were reported as penetration in inches as 
computed from measured loss of metal, whereas in the stress- 
rupture tests the results are reported as depth of scale layer on 
the ruptured specimen. An examination of the data reveals no 

correlation between type of steam flow and depth of scale 
layer. 

A comparison of the types and characteristics of the fractures 
of the various alloys is of considerable interest in that it gives some 
indication of the type of fracture that can be expected in service. 
A discussion of the fracture of each alloy will be given. A 
metallographic study was made of the original microstructure and 
the microstructure of two fractured specimens of the longest 
and shortest fracture time and the following comments are a 
result of these studies: 

(a) Low-Carbon Steel (Alloy No. 1). Of the eight specimens 
tested, three had ductile fractures, four had brittle fractures, and 
one had an intermediate fracture. However, the values of duc- 
tility as measured by elongation were consistently low (from 12 
to 37 per cent) with the ductile fractures giving the greater 
elongation. By an intermediate fracture is meant a fracture with 
just a slight amount of necking at the break as compared to no 
perceptible necking for a brittle fracture and considerable neck- 
ing for a ductile fracture. This method of classification holds for 
all nine alloys. The three low-carbon specimens with the duc- 
tile fractures, 126, 127M, and 128M, and the one with the inter- 
mediate fracture, 1210, had the largest elongation and reduction 
of area at rupture. The short-time ductile fracture of specimen 
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126 was characterized by stretching of the grains while the long- 
time brittle intergranular fracture of specimen 121 was charac- 
terized by the remaining equi-axed grains pulling apart at the 
grain boundaries. In both the long- and short-time specimens 
a dark intergranular material appeared which was probably an 
oxidation product together with voids resulting from parting of 
the grains. Spheroidization of the carbides present in the origi- 
nal sample occurred in both the long- and short-time specimens 
of this alloy with considerable agglomeration of the spheroids 
present in the long-time specimen. 

No clearly defined graphite was detected in the structure of the 
specimens. 

(b) Carbon-Moly (Alloy No. 2). All of the carbon-moly 
specimens had the brittle type of fracture except specimen 2210 
which showed a slight amount of necking and was classified as 
having an intermediate fracture. All of the specimens had low 
values of ductility as measured by elongation (13 to 36 per cent). 
As in the case of the low-carbon alloy, the only appreciable 
change in the microstructure was general spheroidization of the 
carbide structure. Very little agglomeration was present in 
the microstructure of the short-time specimen, 221, the original 
normalized structure still being somewhat in evidence. Considera- 
ble agglomeration of the carbides was present in the long-time 
specimen, 226. Parting of the grains had occurred in both speci- 
mens 221 and 226, but to a greater extent in the short-time 
specimen 221. This parting resulted in intergranular fracture for 
both the long- and short-time intervals and also resulted in the 
presence of dark areas between the grains, probably consisting 
both of oxidation product and voids. 

No clearly defined graphite was observed in the microstructure 
of the carbon-moly specimens. 

(c) 2%/, Cr-1 Mo (Alloy No. 3). In contrast to the carbon- 
moly steel, all of the specimens of 2!/, Cr-1 Mo steel had the duc- 
tile type of fracture as evidenced by the higher values of ductility 
as measured by elongation (21 to 71 per cent). Without excep- 
tion, all of the specimens necked considerably at the break, result- 
ing in high values for reduction in area. Another peculiarity of 
this alloy was the very brittle flaky type of scale which curled 
away from the parent metal as the corrosion progressed, thus 
continuously leaving fresh metal exposed to the steam. Due to 
the excessive necking at the break, the metal there should have 
been very highly strained. The microstructure of the short-time 
specimen 328 showed considerable elongation of the grains. The 
microstructure of the fractured specimens showed coalescence of 
the carbides which were present in the original steel before test- 
ing. The degree of coalescence was considerably higher in the 
long-time specimen 325 than in the short-time specimen 328. 
The specimens showed more than normal inclusions which, how- 
ever, did not appear to be graphite when examined unetched. 
Since there was evidence of some inclusions in the original micro- 
structure of this steel, it is not believed that the inclusions present 
in the microstructure of the fractured specimens is due to any 
appreciable extent to oxidation and stress. This steel is to be 
contrasted to the low-carbon and carbon-moly steels which 
did show parting of the grains and a resultant dark constituent 
at the grain boundaries. 

(d) 5 Cr-Mo-Si (Alloy No. 4). This alloy was characterized 
by a very ductile fracture resulting in high values for elongation 
and reduction in area, the values of elongation ranging from 52 
to 158 per cent. The surface of the scale was lined with deep 
cracks but the scale itself adhered very tightly to the parent 
metal. The comments made concerning the microstructure of 
2'/, Cr-l Mo steel (Alloy No. 3) in paragraph (c) apply 
equally well to the microstructure of Alloy No. 4, that is, 
the amount of inclusions did not increase over those present in the 
unstressed steel, no clearly defined graphite was detected, and 
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coalescence of the carbides originally at the grain boundaries oc- 
curred. 

(e) 9 Cr-Mo-Si (Alloy No. 5). This alloy was also character- 
ized by high values of elongation (from 68 to 155 per cent) and 
reduction in area which indicated a ductile fracture. The fracture 
specimens were covered with a smooth tightly adhering layer of 
scale which was lined with a fine network of cracks. Photomicro- 
graphs of the microstructure of this alloy indicated that the only 
significant change was an increasing degree of agglomeration of 
the carbide spheroids with time under the test conditions. In the 
long-time specimen, 526, a preferred orientation and stretching 
of the spheroids and other elements of the microstructure could be 
detected. 

(f) 12 Cr (Alloy No. 6). The fractures for this alloy varied 
considerably. Of the twelve specimens tested there were three 
with brittle fractures, five with ductile fractures and four with 
intermediate fractures. The ductility as measured by elongation 
was fairly low, ranging from 20 to 71 per cent. The scale formed 
on fractured specimens of this alloy resembled very closely that 
formed on specimens of Alloy No. 5 (9 Cr-Mo-Si). There was 
practically no change in the microstructure of specimens of this 
alloy except for enough agglomeration of the carbide spheroids 
to make them appear to have a uniform and random distribution, 
whereas in the original structure the outline of the austenitic 
grains was indicated by the chain of spheroids. 

(g) 25 Cr-20 Ni (Alloy No. 7) and 18 Cr-8 Ni (Alloy No. 8). 
Both of these alloys were characterized by very brittle fractures 
for both the long- and short-time intervals, resulting in low 
values for reduction in area and elongation. The values for elonga- 
tion for the fractured specimens of 18 Cr-8 Ni ranged from 8 to 51 
per cent while those for 25 Cr-20 Ni were a little higher, ranging 
from 32 to 75 per cent. Specimens of these alloys were covered 
with a thin film of scale which visually appeared to be thicker on 
the stressed test section than on the relatively unstressed part 
of the specimen. The only noticeable change in the microstruc- 
ture of the 25 Cr-20 Ni specimens was the growth and coalescence 
of the carbides and of the peculiar black phase which has been 
reported by other investigators (9). The exact identity of this 
black phase is not yet known. The short-time specimen, 824, of 
18 Cr-8 Ni which was very highly stressed (33,400 psi), resulting in 
a very short time to rupture (15 hr), suffered a decided change 
in grain size; the grain size for the ruptured specimen being much 
smaller than that of the original structure. Considerable carbide 
precipitation at the grain boundaries and inside the grains appears 
to have taken place. Also, the black phase which is known to 
appear in 25 Cr - 20 Ni steel as just described appears to be 
present in the microstructure of the long-time specimen, 826, of 
the 18 Cr - 8 Ni alloy. It is doubtful that this black phase is 
graphite since chromium is known to be a very effective inhibitor 
of graphitization and the carbon content of this steel is only 0.06 
per cent. 

(hk) 5 Cr-Mo-Ti (Alloy No. 9). This alloy tended to be some- 
what erratic in its behavior. Referring to Tables 2 and 3 it can 
be seen'that of the twelve specimens tested, eight had ductile frac- 
tures, three had intermediate fractures, and one had a brittle 
fracture. However, it should be noticed that the one brittle frac- 
ture was the longest time specimen, 924, whose time to rupture 
was 3109 hr and whose value of elongation was 52 per cent. The 
values for elongation (45 to 104 per cent) and reduction in area 
tended to be somewhat lower than those for Alloy No. 4 (5 Cr- 
Mo-Si), an alloy differing only in the content of Siand Ti. The 
scale formation was identical to that of Alloy No. 4, the specimens 
having a fairly thick layer of scale heavily lined with deep cracks. 
The only appreciable change in microstructure was spheroidiza- 
tion of the carbides which were originally present at the grain 
boundaries. 
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Referring again to the data in Tables 2 and 3 concerning the 
measurements of reduction in area and elongation, it would appear 
that the relative ductility of the nine alloys as measured by these 
two methods is not the same. For example, Alloy No. 3 (21/4 Cr- 
1 Mo) has relatively low ductility as measured by per cent 
elongation, but as measured by per cent reduction in area, as a 
group it has the highest ductility. The authors are of the opinion 
that per cent elongation is the safest indication of ductility be- 
cause it is a measure of ductility over a longer period of time. 
Again taking Alloy No. 3 as an example, the high values of reduc- 
tion in area are due simply to the fact that the specimens necked 
down considerably before actual rupture, which probably took 
place during the last few minutes of the life of the specimen. 

The carbon steels tested, i.e., low-carbon (Alloy No. 1) and 
carbon-moly (Alloy No. 2), corroded excessively so that the 
reduction-in-area values could be attributed both to mechanical 
shrinkage due to the stress and loss of metal due to corrosion. 

It can be seen in examining Tables 2 and 3 that for all of the 
alloys tested the values of elongation tend to be less when 
the brittle-type fracture occurs. A good example is Alloy No. 6 
(12 Cr) in which the five specimens with the highest values of 
elongation all had ductile fractures while the specimens with 
intermediate and brittle fractures all had lower values of elonga- 
tion. For the other alloy which had all types of fracture, Alloy 
No. 9 (5 Cr-Mo-Ti), the only specimen with a brittle fracture had 
the second lowest value of ductility as measured by elongation. 

For all of the nine alloys taken as a whole no satisfactory cor- 
relation between time to rupture and either elongation or reduc- 
tion in area could be obtained. 

An examination of the microstructure of all the alloys revealed 
no clearly defined graphite in any case. An extensive study was 
made of the three alloys most likely to be susceptible to graphitiza- 
tion, low-carbon, carbon-moly and 21/, Cr-1 Mo, by the re- 
search department of The Detroit Edison Company (13). They 
reported that while each of the steels responded “abnormal” to 
the McQuaid-Ehn test, no clearly defined graphite was found in 
any of the samples examined. 


CONCLUSION 


1 The straight-line relationship between stress and time to 
rupture on log-log co-ordinates, postulated by White, Clark, and 
Wilson, for tests in air (9) also holds for tests in steam. 

2 The break in the stress-rupture line encountered in air 
tests by other investigators (9, 10) was not found in the pres- 
ent tests in steam. 

3 The tests indicate that for the small specimens of the nine 
alloys tested the stress required for rupture in steam in 10,000 
hr or longer is higher than the stress required in air at 1200 F. 

4 The type and characteristics of the scale formed on the 
stress-rupture specimens affects the position of the stress-rupture 
line on log-log co-ordinates, 

5 The slope of the stress-rupture line is important since an 
alloy whose stress-rupture line on log-log co-ordinates has a low 
value of slope might not appear to be desirable at short rupture 
times, but for long rupture times might be better than other 
alloys which were superior at short rupture times. 

6 Ductility values, as measured by per cent elongation, are 
more reliable values for ductility over a long period of time than 
are ductility values as measured by reduction in area. Also re- 
duction-in-area values are more affected by the amount of cor- 
rosion. 

7 For the two austenitic alloys tested, the fractures were the 
brittle type, even for short time intervals. 

8 In general, the ductility, as measured by elongation for all 
of the alloys tested tends to decrease as the time to rupture 
increases. 
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9 Longer times and lower stresses are favorable for the 
production of brittle fractures. 

10 The tests confirm the conclusion based on air tests (11), 
that elongation for a given steel is always less when the brittle 
fracture occurs. 

11 As in unstressed tests, the chromium content of the 
alloy is the critical factor in determining the amount of corrosion 


taking place. The corrosion decreases as the chromium content 
increases. 
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Discussion 


Artuur McCurtcuan.* The steam-corrosion work at Purdue 
has been followed with great interest. The stress rupture 
characteristics of various steels in steam should be of particular 
value to designers of high-temperature equipment. The choice 
of 1200 F as the test temperature doubtless was made on the 
basis of accelerating the scaling effect. Since the field of usefulness 


6 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Jun. A.S.M.E. 
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of the low-carbon and carbon-moly steels will, in general, be 
below 1000 F, and the 2'/, per cent chrome-moly steel below 1100 
F it is of importance to recognize that in some cases the higher 
temperature of test may give a false indication of the relative 
value of these materials for high-temperature service. 

Through the co-operation of Professor Solberg, a number of the 
ruptured specimens of low-carbon, carbon-moly and 2!/, per cent 
chromium, 1 per cent molybdenum steels were examined for 
graphite by I. A. Rohrig of The Detroit Edison research depart- 
ment. Despite the fact that all were found to be “abnormal”’ in 
their response to the McQuaid-Ehn test, no graphite was reported. 
Since, in abnormal low-carbon and carbon-moly steels, graphite 
is readily produced by heating for 1000 hours or less at 1000 
to 1100 F, failure to produce graphite in heating periods of 4000 to 
7000 hours at 1200 F might be considered unusual. It has been 
hazarded that the AC; temperature of these materials might be 
lowered sufficiently in the presence of stress so that 1200 F is above 
the temperature at which graphite tends to precipitate. 

Because of the possible precipitation of graphite, particularly 
at welded joints, the long-time load-carrying ability at, say, 1000 F 
of the low-carbon and carbon-moly steels is much less than that of 
the 2'/, per cent chromium, 1 per cent molybdenum steel. 
It would seem therefore that the stress rupture data which are 
given in this paper should be considered as directly applicable 
only at 1200 F. , 

On the basis of a rupture time of about 1200 to 1500 hours it 
is of interest to note the relatively high stress supported by the 
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low-carbon steel in 1200 F steam. The stresses supported by 
the several materials were as follows: 


STRESS CAUSING norrens ie TO 1500 HOURS IN 1200 F 


Specimen Stress, psi 


21/2 per cent chromium, 1 per cent molybdenum.. 326 8400 


The authors’ conclusions regarding the tendency to inter- 
granular fractures are particularly noteworthy. The point that 
longer times and lower stresses are favorable for the production 
of brittle intergranular fractures of many creep-resistant steels is 
not always appreciated. The ductile type of fracture of the 21/, 
per cent chromium — 1 per cent molybdenum steel would seem to 
be a count in its favor. 


AutTuors’ CLOSURE 


The authors wish to thank Mr. McCutchan for his interesting 
discussion. It is true that the temperature of 1200 F is severe 
for low-carbon, carbon-moly, and 2!/, Cr-1 molly steels, but it is 
felt that the data will be applicable in the future when steam 
temperatures in power plants and other industrial apparatus be- 
come higher. 

Also it should be pointed out that the effects of specimen size 
and type and characteristics of the scale formed in a steam atmos- 
phere are two variables which are yet to be thoroughly investi- 
gated. 
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Effect of Molding Pressure and Resin on 
Results of Short-Time Tests and 
Fatigue Tests of Compreg 


By W. N. FINDLEY,' W. J. WORLEY,? ano C. D. KACALIEFF? 


Tests were performed on six samples of compressed- 
impregnated plywood, including static tension tests, 
static compression tests, static torsion tests, and rotating- 
beam type of fatigue tests. The results provide data on 
the effect of different molding pressures and different 
resins on the “‘static’’ strength properties, stiffness, and 


fatigue strength of ‘‘compreg.” 


HE tests reported in this paper were undertaken in order 

to provide information on the effect of different molding 

pressures and different resins on the “static” strength prop- 
erties, stiffness, and fatigue strength of compressed-impregnated 
plywood (compreg). 

The following tests were performed on six different samples 
(described later) at a temperature of 77 F and a relative humidity 
of 50 per cent: Statie tension tests, static compression tests, 
static torsion tests, and rotating-beam-type fatigue tests. All 
specimens were cut with their long axis parallel to the grain of 
the wood used in making the compreg. Values of ultimate 
strength, yield strength, and modulus of elasticity were obtained 
from all of the static tests. The fatigue tests were carried out as 
far as 10,000,000 cycles. 

Several investigators have reported the static properties (1-9)* 
of compreg and some other investigators have studied fatigue 
characteristics (10, 11) of this type of material. 


MaTERIAL FoR TESTS 


Six compreg panels were prepared especially for this series of 
tests by the United States Forest Products Laboratory, Madison, 
Wis. The panels were made from rotary-cut sap yellow-birch 
wood of !/js-in. plies. All veneers were from the same shipment 
and met the grain requirements of Army Air Forces Specifica- 
tion 15065. Prior to laminating, the '/,s-in. birch veneers were 
cylinder-treated for 6 hr in the case of the water-soluble resin and 
16 hr in the case of the alcohol-soluble resin at 75 psi and dried 
for 18 hr at 130 F. All plies were glued on one face with Bake- 
lite XC7381 resin, using 6.7 g of dry glue per sq ft of glue line; 
all panels-were pressed at the indicated pressure (see Table 1) 
under conditions such that the center of each panel was held at 
305 to 310 F for 15 min. All panels were cooled to 150 F in the 
press before releasing the pressure. The data in Table 1 were 
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TABLE 1 FOREST PRODUCTS LABORATORY DATA 
Panel number. . 204 205 206 207 208 £209 
Type of resin?..... ee oe A A B B Cc 
Resin content,® per cent --.-. 28.5 28.0 31.5 32.0 28.0 28.5 
Number of plies ere a epee 17 15 17 15 17 15 
Bonding pressure, pei...........% 1500 600 1500 600 1500 600 

cm gravity.... . 1.36 1.22 1.36 1.24 1.37 1.24 
Shear parallel to lamin: ations, ¢ ‘psi. 4840 3640 4450 4230 4340 3620 
Izod,¢4 ft-lb per in. notch.......... 10.0 83 7.8 6.1 9.4 6.6 
Water absorption,*® per cent. Ane” 1.7 5.0. 2.0 6.7 
Swelling,/ per cent.............. 14.2 13.9 9.7 ¢.9 33.8 12.3 
Residual swelling,? per cent. - 3.90 2.97 1.87 2.22 2.28 2.0 


@ Resin A ——— BV 10678 (alcohol-soluble) by Bakelite Corporation, 
Bloomfield, 


Resin B Bakelite BV 15100 (water-soluble) by Bakelite Corporation, 
Bloomfield, 


Resin C ees (water-soluble) by Casein Company of America, 
Bainbridge, N. Y. 


+6 Resin content on basis of dry weight of untreated wood. 


¢ Shear tests made by Forest Products Laboratory block-shear method 
in plane of laminations. 


Izod values calculated from notched-toughness values, using empirical 


conversion factor obtained from Izod and notched-toughness tests on 
matched specimens. 


¢ Measurements made according to Army Air Forces specifications No. 


15065 on 3 in. X . in. X 3/s-in. specimens (1 in, in fiber direction), immersed 
in water for 24 


/ Specimens wee cut the full thickness of the panel and !/s in. iong in the 
direction of the grain. The specimens were immersed in water for 48 hr 
at room temperature and were measured in the direction of the thickness of 
the original panel before and after immersion. 

9 Thickness of specimens used for swelling tests after subsequent air- 
drying and oven-drying, expressed as a percentage of the thickness of a 
matched specimen subjected to the same drying cycle but not to the water 
immersion. The ‘thickness’’ measured was in the direction of the thick- 
ness of the original sheet. 


prepared by the Forest Products Laboratory. As shown in the 
table, three different resins, A, B, and C were used, and two panels 
were made with each resin. One panel for each resin was molded 
at 1500 psi; the other panel for each resin was molded at 600 psi. 

The test panels were made from large sheets of veneer from 
which six matched panels were laminated with the grain of all 
plies parallel. The six panels were matched with two cross- 
wise of the grain and three lengthwise of the grain. 

Additional data shown in Table 1 include the percentage resin 
content, the code number for the resin, number of plies used in 
the panel, the specific gravity, the shear strength parallel to the 
laminations, the impact strength (expressed as an equivalent 
Izod test), percentage water absorption, percentage swelling, and 
percentage recovery after wetting. 


PREPARATION OF SPECIMENS 


A drawing of the “static”? specimens used in this investigation 
is shown in Fig. 1, and the fatigue specimen is shown in Fig. 2. 
All specimens were cut from the panel with their long axis parallel 
to the grain of the wood. All specimens were machined on a 
lathe and were finished by polishing with grade 2/0 emery paper. 
Some of the tension specimens were machined with a straight 
cylindrical portion and used for stress-strain data; other of these 
specimens were machined with a reduced section or neck at the 
center of the gage length and were used to determine the ultimate 
strength of the compreg in tension. 

The compression specimens were turned on a lathe to the two 
lengths shown in Fig. 1(c). The 2-in. specimen was used as 
shown in Fig. 6, to obtain stress-strain relationships. The short 
specimen was used to obtain ultimate-strength values only. 
The torsion specimens were also made by turning on a lathe. 
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The machining of all specimens was done in a laboratory main- 
tained at constant temperature and constant relative humidity. 
After the specimens were completed, they were allowed to remain 
in this room, which was maintained at a constant temperature of 
77 + 1 deg F and constant relative humidity of 50 + 2 per cent, 
for at least 2 weeks before the tests were started. 


TENSION TESTS 


Short-time tension tests were performed on specimens as 
shown in Fig. 1(a). These specimens were tested in tension on 
an Olsen 10,000-lb four-screw machine, of the beam-weighing 
type, equipped with a separate variable-speed drive. The speci- 
mens were held in Templin wedge grips A, Fig. 3, mounted in 
such a way as to provide an axial load on the specimen. Strain 
of the specimen was measured by means of a Moore-Hayes 2- 
in-gage-length extensometer B, Fig. 3. This instrument pro- 
vided a multiplication such that one division on the dial indi- 
cated a strain of 0.0001 in. per in. in the specimen. In order that 
these specimens need not support the weight of the extensometer 
and to prevent damage to the instrument if the specimen should 
fracture while the extensometer was attached, the extensometer Fie. 3 Tension APPARATUS v 
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Resin Specific 
Panel Resin Content% gravity 
204 A 285 136 
32000 F 205 A 280 122 t 
206 8 126 
207 8 320 (24 | 
28000 208 280 137 FE 
209 c 285 124 1 
5 
| 7 7 % 
V4 Z AA. 
\y 
12000 
8000 A 
| 


0 9001 0002 0003 2004 Q005 0006 0007 


Strain, in per in 


0.901 Q002 0003 0004 A006 0007 


Fic. 4 Tension Tests or CoMPREG 


was supported by means of the light coil spring C, shown in Fig. 3. 

Two sets of tension tests were run; one set in which the stress- 
strain characteristics were determined, and the other set in which 
only the ultimate strength was obtained. In the former group 
the gage section of the specimen was straight and readings of 
load, deformation, and time were simultaneously obtained ‘‘on 
the run” throughout the test. In the latter case only the load at 
fracture was recorded. For this purpose the specimens were 
necked down by turning on a lathe to a 4 in. radius. This was 
accomplished by rotating the compound of the lathe. These 


0007 


: 


per 


specimens were reduced from '/; in. diam at the end of the test 4 | 74 
section to */1, in. diam at the center. This reduction was found £0002 
necessary in order to cause the specimen to fail at the center of the = | 
test section rather than in the shoulder of the specimen. Straight 0.00! wm 
specimens failed at the shoulder as a result of the stress concen- Lo Va “Rate of strain + 0.0016 in fin jmin 
o 4 £480 120 160 200 240 280 320 360 


A preliminary test was made to determine the testing speed 
required to produce a rate of tensile strain of about 0.0016 in. per 
in. permin. All succeeding tests were run at or near this rate of 
strain. This rate was selected in order to permit correlation be- 
tween the results of these tests and tests performed by the au- 
thors on other material (12). This rate of strain corresponds 
roughly to the rate of strain produced by testing machines op- 
erated at a head speed of 0.05 in. per min. However, it should 
be noted that different machines, and even different materials 
tested in the same machine at the same rate of crosshead motion 
will not in general produce the same rate of strain in the speci- 
men. This is due to different relative stiffnesses of the machine, 
specimen, and auxiliary gripping apparatus. 

The rate of strain was made uniform in these tests rather than 
the rate of increase of stress as used by some investigators, be- 
cause the same rate of strain can be used without difficulty in 
testing materials which differ widely in modulus of elasticity, 
whereas if such materials are tested at the same rate of stressing, 
the required testing-machine speeds become excessive for mate- 
tials of low modulus, and the rate of strain becomes too high to 
follow with ordinary equipment. 

Both the tension and the compression tests were performed 
outside of the air-conditioned laboratory. The temperature of 
the testing room was about 75 F, and the relative humidity was 
variable. In order to minimize the effect of differences in tem- 


Time, seconds 


Fie. 5 Srram-Trve Curve or Comprec in TENSION 


perature and relative humidity, the specimens were placed in an 
insulated box while being transferred from the conditioned store- 
room to the laboratory, and the tests were conducted within 5 to 
10 min after the specimen was removed from the insulated box. 
During the test, readings of load, deformation, and time were re- 
corded up to a point within a few per cent of the load at which 
failure was expected. The extensometer was removed before 
failure. 

From these data the stress and strain were computed. Then 
diagrams of stress versus strain, Fig. 4, and strain versus time, 
Fig. 5, were plotted. The modulus of elasticity was determined 
in each case from the slope of the initial part of the stress-strain 
curve. The yield strength® at 0.05 and 0.2 per cent offset could 
not be determined owing to the fact that the straight specimens 
failed at the shoulder before the stress in the gage section became 
high enough to produce an offset of 0.05 per cent. 

The rate of strain was determined from a time-strain curve 
(see Fig. 5), by measuring the slope of this curve in the region just 
below the value of strain above which the stress was no longer 


See ‘Standard Definitions of Terms Relating to Methods of 
Testing,” A.S.T.M. Standards, part 3 (E6-36), 1942, p. 849. 
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TABLE 2 TENSION TESTS’ 


Stress-strain tests (constant cross section specimens) 


Molding pressure, psi............. 1500 600 1500 600 1500 600 
No. of specimens tested........... 2 2 2 2 2 2 
Modulus of elasticity, psi X 10~*.. 4.10—- 3.70- 4.20- 3.90- 4.12- 3.86- 
4.13 3.74 4.20 3.94 4.34 3.90 
Approximate rate of strain, in. per 
0.0017 0.0013 0.0017 0.0015 0.0015 0.0014 
Ultimate-strength tests (reduced cross section at center of specimen) 
No. of specimens tested..o........ 3 3 3 2 3 2 
Ultimate strength, psi............ 56500- 44500-— 55600- 44400- 53000-— 49000 - 
51700 42800 53600 42600 50000 46800 
Ves 53700 43600 54600 43500 51300 47900 


proportional to strain. The tangent line used is shown in Fig. 5. 

Results of the tension tests are shown in Table 2. The aver- 
age modulus of elasticity in tension was found to vary from 3,720,- 
000 to 4,230,000 psi, depending on the resin and molding pres- 
sure used; and the average ultimate strength was found to vary 
from 43,500 to 54,600 psi, depending on the resin and molding 
pressure. The data in Table 2 show that both the ultimate 
strength and modulus of elasticity are higher for compreg molded 
under 1500 psi pressure than for compreg molded at 600 psi. 
This is true for each of the three resins investigated. The in- 
crease in ultimate strength, resulting from increasing the molding 
pressure from 600 to 1500 psi, was 23.2 per cent when resin A was 
used, 25.5 per cent when resin B was used, and 7.1 per cent when 
resin C was used. The corresponding increase in tensile modulus 
of elasticity was 10.7 per cent with resin A, 7.2 per cent with resin 
B, and 90 per cent with resin C. 


CompPRESSION TESTS 


Compression specimens were tested in the same machine as the 
tension specimens and under the same temperature and humidity 
conditions. In order to minimize the effect of possible eccentric 
loading the specimens were tested by using a compression tool A, 
shown in Fig. 6. A compressometer B, of 1 to 1 ratio having a 
0.0001-in. ‘‘Last Word’’ dial and 1-in. gage length was used to 
determine the strain. As in the case of the tension tests, the in- 
strument was supported on a light coil spring. 

Two different shapes of specimen, Fig. 1, were required, one to 
determine stress-strain relations and the other the compressive 


l ‘ 
strengths. The 2-in. specimen (: = 16) was used with the 1 


in-gage-length compressometer to determine the compressive 
strength of the material. 


‘< is the ratio of the length of the specimen to the radius of gyra- 
r 


tion of the cross section of the specimen. Fic. 6 Compression APPARATUS 


TABLE 3 COMPRESSION TESTS 
Stress-strain tests (2-in. specimens) 


OF A A B Cc Cc 
olding pressure, psi............. 1500 600 1500 600 1500 600 
Number of specintens tested....... 2 2 3 3 3 2 I 
Modulus of elasticity, psi X 10~¢.. 4.00- 3.64- 4.16- 3.92- 4.30- 3.90- f 
4.42 3.94 4.18 4.20 4.38 3.98 of | 
4.21 3.81 4.17 4.07 4.33 3.94 the 
Yield strength at 0.2 per cent offset 20900 18500- 21400- 20400- 21500- 19500— tim: 
wine 20400 19300 22500 21600 21800 20200 for 
21900 21000 
19500 18100 20300 20200 20100 19000 i 
19200 17500 20000 19400 20100 18600 Were 
Approximate rate of strain, in. per in. s 
0.0014 0.0015 0.0015 0.0014 0.0015 0.0015 the | 
e 
Compressive-strength tests (1-in. specimens) tai 
Number of specimens tested....... 3 4 4 4 4 4 _ 
Ultimate strength, psi............ 24100- 22400- 26600- 25000- 23800- 22600- Re 
24200 22800 27000 25300 25600 23000 aver. 
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22000 
20000 
(g000 
16000 
14000 
12000 
£ 10000 
8000 | 
6000 _ Resin. Specific 
Panel Resin Content% gravity 
204 2a5 136 
4000 205 A 280 422 4 
206 @ 315 1.36 
207 B 320 124 
208 c¢ 280 1.37 
2000 209 285 im 6% 
O 000 0002 0003 0004 0005 0006 2007 0008 0009 
fe) ° ° fo) © 000! 0002 0.003 0004 0005 Q006 0007 
Strain, in per in. 
Fic. 7 Compression Tests or COMPREG 
0.009 - 
| | 
0.007 }——+ 
| | f 
4 
| JA 


n 
° 


20003 
= | 

| | 

| 


Rate of strain-acor injin /min. 
! | | 


40 80 120 160 200 240 .280 
Time, seconds 


Srrarn-Time Curve or COMPREG IN COMPRESSION 


During the compression tests of the 2-in. specimens, readings 
of load, deformation, and time were recorded. From these data 
the stress and strain were computed, and stress-strain and strain- 
time curves were plotted. Fig. 7 shows the stress-strain curves 
for the compression tests, and Fig. 8 shows a sample strain-time 
curve from a compression test. The modulus of elasticity, yield 
strength at 0.05 and 0.2 per cent offset, and the rate of strain 
were determined from these curves. The rate of strain in the 1- 
in. specimen was determined by comparing the loading rate with 
the loading rate in a 2-in. specimen. The loading rate was ob- 
tained by plotting a load-versus-time curve. 

Results of the compression tests are shown in Table 3. The 
average modulus of elasticity in compression was found to vary 
from 3,810,000 to 4,330,000 psi, depending on the resin and Fic.9 Torston APPARATUS 
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molding pressure used, and the average ultimate strength in com- 
pression was found to vary from 22,700 to 26,800 psi, depending 
on the resin and molding pressure. The data in Table 3 show 
that the modulus of elasticity, ultimate strength, and yield 
strengths in compression are about 5 per cent higher for compreg 
molded under 1500 psi pressure than for compreg molded at 600 
psi. This is approximately true for each of the resins investi- 
gated. 

The increase in modulus of elasticity in compression resulting 
from increasing the molding pressure from 600 to 1500 psi was 
10.5 per cent when resin A was used, 2.5 per cent when resin B 
was used, and 9.9 per cent with resin C. The corresponding in- 
crease in ultimate strength was 6.6 per cent with resin A, 6.3 per 
cent with resin B, and 7.5 per cent with resin C. The increase in 
yield strength at 0.2 per cent offset was 8.9 per cent with resin A, 
4.3 per cent with resin B, and 8.5 per cent with resinC. Corre- 
sponding values for the yield strength at 0.05 per cent offset are 
9.7, 3.1, and 8.1 per cent, respectively. 

Short-Time Torsion Tests. The special torsion-testing ma- 
chine used for these tests is shown in Fig.9. The machine was con- 
structed as an attachment for a low-capacity tension-testing 
machine. The pendulum-weighing system of the tension-test- 
ing machine was used as the torque-measuring device for the tor- 
sion machine. This was accomplished by attaching to the tension 
machine a twisting head, A, Fig. 9, driven by a double worm 
drive. A special chuck B was attached to the shaft of this 


Fig. 10 Detrusion GAGE 
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twisting head and another chuck C to the axis of the pendulum 
D. These chucks were designed to apply a torque to the speci- 
men with slight danger of inducing bending. This action was 
further assisted by mounting the specimen on centcrs and apply- 
ing the torque as a couple by means of adjustable screws. 

The gage used for measuring the shearing strain is shown in 
Fig. 10. It was designed to accommodate materials whose ulti- 
mate shearing strain was relatively small and also materials 
which might twist 2 or 3 revolutions in a length of 2in. The 
instrument consisted of two rings A, Fig. 10, which were slipped 
over the specimen and fastened to it by three adjusting screws in 
each ring. A gage length of 2 in. was obtained by use of a re- 
movable spacer B. To one of the rings was fastened a circular 
scale C, for measuring large angles of twist. Two 10-in. arms D 
fastened to the same ring carried scales on the ends, which were 
used to measure small shearing strain. Adjustable pointers Z, 
were attached to the other ring in such a way as to indicate the 
readings on their respective scales. 

Laminated materials, such as the compreg described herein, 
are anisotropic, that is, their properties are not the same in all 
directions. In the tension and compression specimens the maxi- 
mum normal stress was parallel to the grain direction throughout 
the test specimen. However, in a tors on specimen with axis 
parallel to the lamination, both the tension and shearing stresses 
had different directions (relative to the direction of the wood 
grain and the plane of laminations) at different points around the 
circumference of the specimen. Thus the equations of stress and 
strain for torsion of an isotropic member cannot be expected to 
indicate accurately the stress or strain in this anisotropic mate- 
rial. Nevertheless, the following equations developed for iso- 
tropic materials were used here to give nominal values of shearing 
stress and strain as a basis for comparison: The equation for 
shearing stress in a circular member of an isotropic material 


Tc 
subjected to torsion is r = 7° and the corresponding equation 


for shearing strain is y = T 


In the case of a laminated material, the torsion test may serve 
as an indication of the relative shearing strength 
of the bond between laminations, that is, in a 


wood-laminated material failure is likely to take 
place by shearing parallel with the grain. 


Short-time torsion tests were performed on 
specimens, Fig. 1(b), cut from the sheet with 


their longitudinal axes parallel to the grain. 


4, of 

5600 ty : 0 028 


J’ Panel- Resin Specific 
1600 4 Resin Content% gravity + 20.008 

800 2068 315 / 36 0.004 
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TABLE 4 TORSION TESTS 


Panel number........ éunceebenae 204 205 206 207 208 209 
OF A A B B Cc Cc 
Molding pressure, psi............. 1500 600 1500 600 1500 600 
No. of specimens tested........... 2 3 3 3 2 2 
Shearing modulus of elasticity, psi 


0.286- 0.246- 0.326- 0,295- 0.303- 0.238- 


Shearing yield strength at 0.2 per 


4740- 4040- 7230- 5610- 5840-— 4540- 
5460 4420 8000 5820 5920 


5100 4180 7720 5700 5880 4850 
Shearing yield strength at 0.05 per 
3180- 2760- 5840- 3960- 4460- 3420- 
3980 3340 6700 4400 4580 4290 


3580 2960 6340 4120 4520 3860 
Modulus of rupture in torsion, psi. . 


Approximate rate of strain, in. per 
cok 0.015 0.016 0.014 0.015 0.015 0.016 


@ One specimen. 
Two specimens. 


During the torsion test simultaneous readings of torque, angle determined from these curves as in the case of the tension tests. 
of twist, and time were recorded. The nominal shearing stress It may be observed that the strain-time curve for torsion is prac- 
at the surface of the cylindrical specimen and the nominal shear- __ tically a straight line, as compared with the curved strain-time 
ing strain were computed from the relationships just given. diagrams for tension and compression. This is due largely to 
Curves of shearing stress versus shearing strain, Fig. 11, and _ the greater stiffness of the machine compared to that of the speci- 
time versus shearing strain, Fig. 12, were then plotted. The men in the case of the torsion tests. 
shearing modulus of elasticity G and rate of shearing strain were The results of the torsion tests are given in Table 4. The 
average shearing modulus of 
elasticity G,as determined from 
a torsion test, was found to vary 
from 248,000 to 337,000 psi, 
depending on the resin and 
molding pressure used, and the 
average modulus of rupture 
varied from 5060 to 9800 psi, 
depending on the resin and 
molding pressure. The data 
in Table 4 show that the shear- 
ing modulus of elasticity, 
modulus of rupture, and yield 
strengths were higher for com- 
preg molded under 1500 psi 
pressure than for compreg 
molded at 600 psi. This was 
true for each of the three 
resins. The increase in modu- 
lus of rupture was particularly 
marked. The increase in shear- 
ing modulus of elasticity re- 
sulting from increasing the 
molding pressure from 600 to 
1500 psi was 16.5 per cent with 
resin A, 13.1 per cent with resin 
c. B, and 21.9 per cent with resin 
C. The corresponding in- 
creases in modulus of rupture 
were 32.8 per cent for resin A, 
40.4 per cent for resin B, and 
62.1 per cent for resin C. The 
yield strengths at 0.2 per cent 
offset were increased 22.0, 35.4, 
and 21.2 per cent for resins A, 
B, and C, respectively; and 
the yield strengths at 0.05 per 
cent offset were increased 
21.0, 53.9, and 17.1 per cent for 
resins A, B, and C, respec- 


Fig. 13 FRAcTURED SPECIMENS vel 
(a, Tension; b, short compression; c, long compression; d, torsion.) tively. 
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Resin Specific Moldin 
banel content % gravity pressure’ ps 
1500 


Stress, p.s.t 


Resin 
---O----- 204 136 
—o— 205 422 600 


a 
38 


136 1500 
124 600 
£37 1500 
124 600 


| | 


10> tof 
Number of cycles 
FATIGUE OF COMPREG 


—o— 206 


Fig. 15 


MopeE oF FAILURE 


Fractured tension, compression, and torsion specimens are 
shown in Fig. 13. Tension specimens are shown in Fig. 13(a). 
One of the straight tension specimens shows the type of failure 
which frequently occurred at the shoulder. Short compression 
specimens are shown in Fig. 13(b). These failures started as 
shear failures at 45 deg to the axis of loading. 

The long compression specimens, Fig. 13(c), failed initially in 
much the same manner as the short specimens. It was observed 
that the shear failures which are visible in the illustration did 
not occur until after the maximum load had been passed. A 
slight bulging was observed, however, as the maximum load was 
approached. 

A failed torsion specimen is shown in Fig. 13(d)._ This spect- 
men has been severely twisted to show the type of fracture. The 
initial fracture in each torsion specimen was a slight longitudinal 
crack resulting from the shearing stress parallel to the axis of the 


specimen. The crack was parallel to the grain but usually did 
not follow the glue line between plies. 


Faticue Tests 


Fatigue tests were performed on a rotating-cantilever-beam 
type fatigue machine shown in Fig. 14. This machine consisted 
of a motor-driven spindle B to which the specimen A was at- 
tached coaxially by means of a split collet. A shaft extension 
C was fastened to the other end of the specimen by means of a 
collet machined integral with the shaft. The entire assembly 
(spindle, specimen, and extension shaft) was rotated at a speed 
of 6200 rpm by a motor driving through a V-belt. 

The specimen was bent downward by a load applied through 
a small ball bearing to the end of the extension shaft. This load 
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Number Item 

1 Panel 
2 Molding pressure, psi......... 
3 Specific gravity..... 

4 Tension modulus, psi X 10~¢ 
5 Tension strength, psi......... 
6 Compression modulus, psi X 
7 Compression strength, psi..... 
8 Compression yield strength at 
0.2 per cent offset psi....... 
9 Torsion (shearing) modulus, psi 
10 Modulus of rupture (torsion), 
A 
ll Shearing (torsion) yield 
strength at 0.2 per cent offset, 
12 Shear strength parallel to lami- 
13 Impact, ft-lb per in. of notch.. 
14 Fatigue strength at 107 cycles, 
15 Water absorption, per cent.... 
16 Swelling, per cent............ 


Recovery, per cent........... 


was produced by a beam-and-poise mechanism D. The stress ¢ 
at the minimum section of the specimen was computed from the 


M 
equation ¢ = = in which M was obtained from the load applied 


by the poise with suitable correction for the moment produced by 
the extension shaft. 

In order to determine the number of cycles to cause failure a 
counter E was attached to record the number of cycles and a 
microswitch F was used to stop the machine when a crack had 
started in the specimen. 

The data obtained from the fatigue tests of the six compreg 
panels is shown in Fig. 15, plotted as o—N diagrams. The tests 
were carried out to at least 10,000,000 cycles. It was observed 
that the fatigue-test results were nearly the same for four out of 
the six panels. The panel made with resin B and molded at the 
high pressure had the best fatigue characteristics, while the panel 
made with resin C and molded at low pressure had the poorest 
fatigue characteristics. 

Fig. 16 shows the fatigue curves grouped in pairs according to 
the resin used. This diagram shows that the fatigue curves for 
resin A are almost identical. The different molding pressures 
made no difference. In the case of resins B and C, however, the 
ordinate (stress) of the fatigue curve was about 12 per cent higher 
when the panels were molded at 1500 psi than when molded at 
600 psi. 

The fatigue strength at 10,000,000 cycles is tabulated as item 
number 14 in Table 5. The term “fatigue strength’ refers to 
the maximum amplitude of an alternating stress cycle which will 
not cause fracture of the material for a given number of cycles of 
alternating stress. In other words, the fatigue strength is given 
by the ordinate to theo-N curve at the given number of cycles. 
In this report, the number of cycles used was 10,000,000. 

The fatigue strength at 10,000,000 cycles was 11,800 psi with 
resin A for both molding pressures; with resin B, the fatigue 
strength was 12,000 psi, for the low molding pressure and 13,400 
psi for the high pressure, an increase of 11.7 per cent; with resin 
C the fatigue strength was 10,600 psi for the low pressure and 
12,000 psi for the high pressure, an increase of 13.2 per cent. 


COMPARISON OF RESULTS 


Average values of all properties determined for the six panels 
are summarized in Table 5. A study of this table discloses that 
panel 206, molded at 1500 psi with resin B, showed the best 
vroperties in 9 out of 14 items tabulated (numbered 3 through 
16). The 17th item, recovery, was difficult to evaluate in this 


See A.S.T.M. designation D671-42T, A.S.T.M. Standards part 
III, 1942, p. 1251. 


TABLE 5 SUMMARY 


Resin A Resin B Resin C 
204 205 206 207 208 209 
1500 600 1500 600 1500 600 
1.36 1.22 1.36 1.24 1.37 1.24 
4.12 3.72 4.20 3.92 4.23 3.88 
53700 43600 54600 43500 51300 47900 
-21 3.81 4.17 4.07 4.33 3.94 
24200 22700 26800 25200 24500 22800 
20700 19000 21900 21000 21600 19900 
0.289 0.248 0.337 0.298 0.306 0.251 
6720 5060 9800 6980 8400 5180 
5100 4180 7720 5700 5880 4850 
4840 3640 4450 4230 4340 3620 
10.0 8.3 7.8 6.1 9.4 6.6 
11800 11800 13400 12000 12000 10600 
3.0 7.0 1.7 5.0 2.0 6.7 
14.2 13.9 9.7 9.9 11.5 12.2 
2.90 2.97 1.87 2.22 2.28 2.00 


manner and will not be included in the comparison. This panel 
(number 206) was next to the highest in tensile modulus, compres- 
sion modulus, and shear strength parallel to the laminations, but 
was fourth from the highest in impact strength, and of course 
had a higher specific gravity than the materials molded at low 
pressure. Panel 204 had the highest impact strength and shear 
parallel to the laminations; and panel 208 had the highest tension 
and compression moduli. 

When the properties of the three panels molded at low pres- 
sure were compared, it was found that panel 207 molded with 
resin B had the best properties in 11 out of 14 items. It had a 
specific gravity slightly higher than panel 205, a tensile strength 
inferior to that of panel 209, and had the lowest impact strength of 
the group. 

No account was taken of the specific gravity in comparing the 
properties of the six panels so that the low-pressure panel of resin 
B may be as good or better (depending on the property and 
application) than the high-pressure panel with resin B, for ap- 
plications where weight is a prime factor. 


ACKNOWLEDGMENT 


As previously noted, this project was carried out as a part of 
the work of the Engineering Experiment Station of the University 
of Illinois, Dean M. L. Enger, Director, in the Department of 
Theoretical and Applied Mechanics of which F. B. Seely is head. 
The authors are indebted to F. B. Seely for assistance in the prepa- 
ration of this manuscript. 

The authors wish to express their appreciation to the Forest 
Products Laboratory for preparing the samples and supplying 
the information quoted. 


A part of tests reported herein were conducted as a senior 
thesis by C. D. Kacalieff. 


BIBLIOGRAPHY 


1 ‘‘Superpressed Plywood,” by R. K. Bernhard, T. D. Perry, and 
E. G. Stern, Mechanical Engineering, vol. 62, March, 1940, pp. 189- 
195... 

2 “The Compression of Wood,” by R. M. Seborg and A. J. 
Stamm, Forest Products Laboratory, mimeograph R1258. 

3 ‘‘Resin-Treated, Laminated, Compressed Wood,” by A. J. 
Stamm and R. M. Seborg, Forest Products Laboratory, mimeo- 
graph R1268. 

4 “Forest Products Laboratory Resin-Treated, Laminated, 
Compressed Wood (Compreg),’”’ by A. J. Stamm and R. M. Seborg, 
Forest Products Laboratory, Mimeograph R1381. 

5 “Effect of Resin Treatment and Compression Upon the Prop- 
erties of Wood,” by R. M. Seborg and A. J. Stamm, Forest Products 
Laboratory, Mimeograph R1323. 

6 “Bearing Strength of Plastic Materials,’’ by R. T. Schwartz 
and E. Drugger, Jr., Army Air Forces Technical Report, No. 4998, 
August, 1943. 


: 
= 
ge 
RS 


326 . TRANSACTIONS OF THE A.S.M.E. 


7 “Variation of Tensile Strength and Elongation of Plastic 
Materials With Temperature,”” by R. T. Schwartz, Army Air Forces 
Technical Report No. 5062, December, 1943. 

8 ‘Resin Impregnation of Wood,” by R. Casselman, Modern 
Plastics, vol. 21, Nov., 1943, pp. 124-126 and 168. 

9 “Effect of Prolonged Heating on Some Physical Properties of 
Compreg,”’ by D. Baker and J. E. Gurvitch, Modern Plastics, vol. 22, 
Sept., 1944, pp. 142, 176, and 178. 

10 ‘‘Mechanical Properties of Plastic Materials at Normal and 
Subnormal Temperatures,” by T. T. Oberg and R. T. Schwartz, Air 
Corps Technical Report No. 4648, June, 1941. 

11 ‘Fatigue Tests on Compressed and Impregnated Laminated 
Wood,” by A. G. H. Dietz and H. Grinsfelder, A.S.T.M. Bulletin 
No. 129, August, 1944, pp. 31-34. 

12 ‘Short-Time Static Tests and Creep Tests of a Paper Lami- 
nated Plastic,’"’ by W. N. Findley and W. J. Worley, Proceedings 
of the A.S.T.M., vol. 44, 1944, pp. 949-966. 


Discussion 


A. G. H. Dietz. The authors have carried out an excellent 
series of tests and have obtained information which extends our 
knowledge of the behavior of compreg. 

In an attempt to correlate their results with those reported by 
the writer and his collaborator in a previous joint paper,® the re- 
sults summarized in Table 5 of the paper have been reduced to a 
common base by dividing the values obtained in tests 4 to 14, 
inclusive, by the specific gravities of the individual panels. 
Furthermore, taking panels 206 and 207 as points of reference, 
because they have the highest resin contents and also, generally 
speaking, have the highest values, ratios of values for panels 206 
and 207 to those of 204 and 208, and 205 and 209, respectively, 
have been drawn, The results are summarized in Table 6 of this 
discussion. 

It is, of course, not safe to generalize from these results, but 
certain factors are worthy of note because they may be indicative 
of trends: 

1 When reduced to a common base (specific gravity reduced to 
1.00) most of the values become more nearly equal, but consider- 
able differences still exist. In panel-pairs 204-205 and 206-207, 
the higher density material has higher tensile strength, but the 
reverse is true of 208-209. In every pair, however, the lower den- 
sity material has the higher compressive strength. Furthermore, 
in every pair the lower density material has higher moduli of 
elasticity in both tension and compression, although the differ- 
ences are generally slight. 

2 Shear characteristics and impact strength, unlike the general 
trend in tension and compression, appear to be benefited by 
higher densities. With one exception, every test, e.g., torsion 
(shearing) modulus, torsion modulus of rupture, shearing yield 
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strength, shear strength parallel to laminations, impact, the 
higher density material is superior to the lower. The one excep- 
tion is in 206-207, shear strength parallel to laminations. 

3 In fatigue, the results are apparently not so clear. In pairs 
206-207 and 208-209, the higher density material is slightly su- 
perior, in 204-205 the reverse is decidedly indicated. 

It is interesting to compare panels 206 and 207, which have the 
highest resin contents, with the other panels made at the same 
pressures. In the high-density panels, the resin ratios for 206/204 
and 206/208 are 1.10 and 1.13, respectively. For the low-density 
panels, the ratios for 207/205 and 207/209 are 1.14 and 1.12, re- 
spectively. With these in mind, the following factors may be 
worthy of note: 

1 Although the ratios of most of the tensile and compressive 
values of panels 206 and 207, as compared with the other panels, 
are greater than unity, none of them is as great as the ratios of the 
resin contents. Increasing the resin content does not appear to 
increase these values proportionately. As might be expected 
from the characteristics of wood and resin, compressive strength 
is most nearly proportional, tensile strength less so. 

2 With the exception of shear strength parallel to laminations, 
all the ratios of shear values, e.g., torsion (shearing) modulus, 
torsion modulus of rupture, shearing yield strength, are propor- 
tionately higher than the ratios of resin content. Increasing 
resin content appears to aid these properties. Shear parallel to 
laminations is proportionately lower in the high-density panels 
but the reverse in low density. 

3 Impact values follow previous experience; the higher the 
resin content, the lower the impact strength. 

4 Fatigue values are inconclusive, high-density panels give re- 
sults favorable to higher resin content, low-density panels the re- 
verse. 

In the paper previously referred to,® fatigue results were com- 
pared with static moduli of rupture (bending). In the present 
paper no moduli of rupture are given, but if it is assumed, as a 
rough approximation, that moduli of rupture lie halfway between 
the tensile and compressive strengths, the fatigue values are ap- 
proximately 30 to 35 per cent of the moduli of rupture. This is 
in approximate agreement with the results previously reported.’ 


Henry GRINSFELDER.’”” The matching of panels is not en- 
tirely clear to the writer. Will the authors explain this matter 
more fully? 

Do the values obtained with resin B represent definite proof 
that this is the best of the three resins tested, or is the improve- 
ment obtained by virtue of the higher resin content? 

While the properties tested and the values obtained show the 
merit of compreg as it is prepared initially, is there any know]l- 
edge of how much of its strength is retained after outdoor expo- 
sure for one year? 


10 The Resinous Products & Chemical Company, Philadelphia, Pa. 


TABLE 6 AUTHORS’ TABLE 5 REDUCED TO COMMON BASE* 


No Item 

1.00 
8 Compression yield mod ath at 0.2 per cent offset, psi.... 15200 
9 Torsion (shearing) modulus, psi 10-*.................. 0.212 
10 ulus of rupture (torsion), psi...............-.e00e5 4940 
11 Shearing (torsion) — strengt at 0.2 per cent offset, psi. 3750 
12 ‘Shear stren parallel to 3650 
7.4 
14 Fatigue strength at 10’ cycles, psi............2eseeeeeee 8700 


a Specific gravity reduced to unity. 


-———Panel ratios 
206 206 207 207 
204 208 205 209 


205 2 207 208 2 

28.0 31.5 8.5 1.10 1.13 1.14 1.12 
1.00 1.00 1.0 1.00 1 1.00 0.99 1.02 1.00 
3.05 3.09 3.16 3. 3.13 1.02 0.99 1.05 1.01 
35800 40100 35100 37500 3 1.02 1.06 1.00 0.91 
3.12 3.06 3.28 3.16 3.18 0.99 0.97 1.07 1.03 
18600 19700 20300 17900 18400 
15600 16100 16900 15800 1.06 1.01 1.10 1.05 
0.203 0.248 0.240 0.224 202 
4150 7200 5630 6130 4180 1.45 1.17 1.38 1.35 
3430 5680 4600 4300 
2980 3270 3410 3170 2920 0.92 1.03 1.16 1.17 
6.8 5.7 4.9 6.9 3 0.78 0.83 0.74 0.92 
9700 9900 9700 8800 8600 1.46 212 4. 1.03 
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A. J. Sramm.!! While the tests on compreg are obviously not 
extensive enough to afford a close quantitative evaluation of the 
effect of molding pressure and resin content on static and dynamic 
strength, the fact that the veneer was carefully matched in 
making up the samples affords a means of securing fairly accur- 
ate comparative values for the three resins and two pressures 
used. The data, however, should not be construed as necessarily 
representing average values for compreg made with these par- 
ticular resins, such as would result from more extensive sampling. 

The Forest Products Laboratory has, in the past, advocated 
the use of a water-soluble phenolic resin in preference to an alco- 
hol resin for making compreg, largely because of the greater di- 
mensional stability and lack of recovery. The alcohol-soluble 
resin used in the panels described in the paper, however, gave 
much less water absorption, swelling, and recovery than the al- 
cohol-soluble resins in use in making compreg at the beginning 
of the war. The explanation is that this aleohol-soluble resin has 
been modified to make it more like the water-soluble resins with 
a low degree of condensation and high fiber-penetrating power, 
and still retain its advantage in giving higher impact strength. 
The advantages claimed in various Forest Products Laboratory 
reports for water-soluble resins, although still existing, are no 
longer as important. 

It is felt that all three of the resins used in making the panels 
for which test data are given in this report are suitable for mak- 
ing high-quality compreg. 


AutTuors’ CLOSURE 


The authors wish to express their thanks to the discussers for 
their valuable contributions to this paper. Mr. Dietz has made 
some very interesting comparisons, but there is one point on which 
the authors are in disagreement with him. He has implied that 
dividing the various mechanical properties by the specific gravity 
reduces them to a common base for all panels. 

This seems misleading. The results as reported by the authors 
were on a common base with regard to actual strength, stiffness, 
etc., and as indicated in the paper the relative merits of the panels 
might be different for different applications when weight is con- 
sidered. 

Mr. Dietz has implied that the strength of structural members 
of equal weight made of materials of different specific gravity 
can be compared by dividing the appropriate mechanical prop- 
erty by the specific gravity and comparing the resulting quantity. 
This is true for only certain specific cases, such as: tension mem- 
bers of the same length, short compression blocks of the same 
length, beams of the same length and depth, and long columns of 
the same length and depth of section which fail by buckling 
in the plane of the depth dimension. 

However, this is not true for many other cases. The ultimate 
load-carrying capacity of beams of equal weight having the same 
length and the same width but made of materials having differ- 
ent specific gravity may be compared by dividing the flexural 
modulus of rupture for each material by the square of its specific 
gravity and comparing the resulting quantities. 

Similarly the ultimate torque-carrying capacity of circular 
shafts of equal weight and length may be compared by dividing 
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the torsional modulus of rupture of each of the materials by its 
(specific gravity)’/? and comparing the resulting quantities. 

Also the ultimate load-carrying capacity of long columns of 
equal weight and of the same length and width of section which 
fail by buckling in the plane of the depth dimension may be com- 
pared by dividing the effective elastic modulus for bending of 
each of the materials by the cube of its specific gravity. 

The stiffness of structural members can be compared in a simi- 
lar manner. The stiffness of bars of equal length subjected to 
axial loads of either tension or compression (where no buckling 
is involved) can be compared by dividing the appropriate elastic 
modulus of each material by its specific gravity; and the stiffness 
of circular shafts of equal length in torsion can be compared by 
dividing the shearing modulus of elasticity of each material 
by the square of its specific gravity. 

These relationships can be derived from the equations for load 
or stiffness and the given restricting conditions such as the same 
weight for both structural members and the same length for both 
structural members. 

Inasmuch as the panels for these tests were prepared by A. J. 
Stamm, who has been directly connected with the development 
of compreg, the authors have referred the questions raised by Mr. 
Grinsfelder to Mr. Stamm. His reply is as follows: 

“The panels were matched as follows: Eighteen sheets of 
1/1¢ by 28 by 54 in. rotary cut yellow-birch sapwood veneer con- 
forming to AAF Specification 15065 were stacked and cut into 8 
piles of plies approximately 14 in. wide and 13'/; in. long. The 
stacks of plies were numbered 204 to 211; 204, 206, 208 and 210 
being matched consecutively in the fiber direction, and 204 and 
205, 206 and 207, 208 and 209, and 210 and 211 being matched in 
the tangential direction of the tree. Stacks 210 and 211 were re- 
tained by the Forest Products Laboratory for future reference. 
Stacks 204 and 205 were treated with resin A, 206 and 207 with 
resin B, and 208 and 209 with resin C. The even-numbered 
stacks were assembled at 1500 psi and the odd numbers at 600 
psi. As matching in the fiber direction of the wood is better 
than side matching, the matching for the resin type variable was 
better than for the pressure variable. 

“The data presented in this paper are insufficient to draw con- 
clusions regarding the small variations in properties. The only 
differences which we believe are real on the basis of other data 
obtained by the Forest Products Laboratory are the water ab- 
sorption, swelling, and recovery, and the compressive strength 
and impact strength (Izod). Water-soluble resins of the type 
illustrated by resin B, we believe, penetrate the cell-wall struc- 
ture more completely than the alcohol-soluble resins as repre- 
sented by resin A. 

“This greater penetration results in somewhat better moisture 
stability and makes the cell wall more rigid, resulting in an in- 
crease in compressive strength but a decrease in impact strength. 
Tensile strength, modulus of rupture in bending, and shear 
strength appear to be affected little by the type of resin used. 
Little significance can be placed on differences in these values. 

‘“‘Alltthree of these compregs have excellent properties. From 
the user’s standpoint there is little to choose between them. 
Resin A, however, is exceptional among alcohol-soluble resins in 
giving high dimensional stability. More advanced alcohol- 
soluble resins will give inferior dimensional stability properties.” 
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With intensified use of timber beams, consisting of 
laminations of relatively thin boards and planks glued 
together, the problem of glue lines coming apart under 
changing conditions of moisture content in the timber 
has become of considerable importance. From an ex- 
amination of glued timbers undergoing changes in mois- 
ture content, it appears that delamination, when it occurs, 
most frequently does so when the moisture content is 
being reduced; during such a dehydrating phase not only 
does shrinking take place but also checking of the wood. 
Results of experimentation and field trials indicate that 
thin laminations are better than thick ones for gluing, 
and wood species with low moduli are better than species 
with high moduli. Adhesives must be employed which 
have high shearing strength and high tensile strength 
perpendicular to the glue line if laminated beams are to 
be dependable in service. 


INTRODUCTION 


ITHIN recent years, timber beams, consisting of lamina- 

\ \ tions of relatively thin boards and plank glued together 

to form large curved or straight members, have found 
rapidly increasing use. It has been customary to employ 
cold-water-mixed room-temperature-setting adhesives in the 
fabrication of such timbers. Experience indicates that under 
conditions of changing moisture content in the timber, glue lines 
sometimes come apart. 

It has been known for some time that thick wood members are 
more difficult to glue than thin. Plywood has been successfully 
bonded over a period of years with resin adhesives, but serious 
difficulty has often been encountered when the thickness of one 
or more plies has exceeded about '/, in. It is also known that 
plywood made of !/'s-in. veneer is more apt to delaminate during 
outdoor exposure than is plywood made of !/js-in. veneer. In 
edge-glued lumber difficulties have been caused by sunken joints. 
Troubles have arisen in gluing plywood surfaces to lumber cores. 
More recently, considerable interest has been aroused by the 
problem of laminating oak for exposure to such severe conditions 
as are found around ships’ keels. 

The difficulty has not been one of obtaining a good initial bond 
but rather one of preventing delamination after relatively short 
periods of exposure to service conditions. In the laboratory, 
joints which initially fail in the wood at values above 2800 psi, 
when tested in compression-shear blocks, are frequently de- 
laminated by immersing in water for 7 days and drying to 8 per 
cent moisture content. The glues used are those usually con- 
sidered to be waterproof or water-resistant. 

Many theories, i.e., acids of the wood, tannins in the wood, 
high hydrogen-ion content of the wood in salt water, each or all 


‘Associate Professor of Building Engineering and Materials, 
Massachusetts Institute of Technology, Cambridge, Mass. 

: Laboratory Head, Resinous Products and Chemical Company, 
Philadelphia, Pa. 

* Associate Professor of Mathematics, Massachusetts Institute of 
Technology. Jun. A.S.M.E. 

Contributed by the Wood Industries Division and presented at the 
Annual Meeting, New York, N. Y., November 26-29, 1945, of Tue 
AMERICAN Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


Glue-Line Stresses in Laminated Wood 


By A. G. H. DIETZ," HENRY GRINSFELDER,? ano ERIC REISSNER?® 


329 


weakening the adhesive bond, have been advanced to explain 
this phenomenon. However, no real proof has been produced 
supporting these theories, and from an analysis of the available 
facts, it would appear that certain fundamentals concerning 
wood and gluing need re-examination. 

When wood increases in moisture content it expands. If wood 
is glued and then permitted to increase or to decrease in moisture 
content, either the wood expands and takes the adhesive with it, 
the adhesive restrains the wood and prevents expansion, or de- 
lamination occurs and the wood leaves the adhesive. However, 
when wood shrinks due to loss of moisture, wood failure in the 
form of splits, or ‘‘checking,’’ may occur in place of glue failure 
or delamination. In laminated wood, unlike plywood, notice- 
able expansion and contraction take place as the moisture con- 
tent of the laminations changes. Good glue joints, therefore, 
depend upon the ability of an adhesive to follow or to restrain the 
wood during the changes in dimensions caused by changes in 
moisture content. 


G.ueE-LINE STRESSES CAUSED BY MoIstuRE CHANGES 


In order to obtain an indication of the nature of the stresses 
set up in the glue lines of laminated timbers as the moisture 
content changes, two cases have been investigated mathe- 
matically. In both, the beam consists of two parallel-grain 
laminations of equal thickness, Fig. 1(a). They represent the 
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Fig. 1 Types or LAMINATED BEAMS 


(a, Cross section through two-layer laminated beam of material having 

Young's moduli Ez and Ey in z- and y-directions; shear modulus Gzy, and 

dimensiong shown. 6, Two-layer beam of edge-grain wood. c, Two-layer 
beam of flat-grain wood.) 


probable extreme cases; one in which high shear stresses are 
set up in the glue line without any normal stress perpendicular; 
the other in which high normal stresses perpendicular to the glue 
line occur but no shear stresses. For most beams consisting of 
several laminations, the usual condition would be intermediate 
between these extremes. 

The mathematical analysis, omitted here for the sake of 
brevity, léads to conclusions which follow: 
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Fie. 2 Case 1—Cross Section THrovuGcH Two-LaYER BEAM WITH 
OnE LAMINATION TENDING TO EXPAND OR ContTrRACT UNIFORMLY 
BECAUSE OF UNIFORM CHANGE IN MOISTURE CONTENT 


(Other lamination unchanged in moisture content. Shear stresses have 
sharp maxima at edges of beam.) 


Case 1. Two laminations of equal thickness, one of which 
undergoes uniform moisture change tending to increase or de- 
crease its width whereas the other remains unchanged, as illus- 
trated in Fig. 2. 

No normal stresses perpendicular to the glue line are set up. 
“Rolling” shear stresses do occur as one lamination tends to ex- 
pand or contract past the other. These stresses are largely con- 
centrated at the ends of the glue line, decaying toward zero over a 
distance approximately equal to the thickness ¢ of the lamina- 
tion. Their maximum intensity is, approximately 


(1] 
€ = a(M, — M,) (see Fig. 2) 


where a = hygroscopic coefficient of expansion 

M, = initial moisture content 

M; = final moisture content 

E, = Young’s modulus of laminations in z-direction 
(parallel to glue line) 

E, = Young’s modulus of laminations in y-direction 
(perpendicular to glue line) 

G,, = Shear modulus in zy-plane 


Case 2. Two laminations of equal thickness, in which the 
moisture content changes in a parabolic manner, as shown in 
Fig. 3. Moisture change is symmetrical about the glue line, 
and no shear stresses are set up in the glue line. Normal stresses 
oo occur perpendicular to the glue line, with maximum intensities 
at the ends, as shown in Fig. 3. For isotropic materials their 
maximum intensity is given by 


[2a] 


A modification of this formula for anisotropic materials, such as 
wood, is 


[2b] 


where the symbols have the same significance as in Equation [1], 
except that ¢) is now the difference in hygroscopic strain between 
the outermost fibers and the fibers at the glue line. 

Equations [1] and [2a] have been obtained by minimum energy 
methods. A stress distribution was assumed of known shape in 
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the direction across the thickness of the laminations while the 
variation of the stresses in the direction of the glue line was 
determined entirely by the energy method. A further approxi- 
mation was made by saying that the state of stress was plane. 
It is believed that the values of the maximum stresses will be 
changed slightly only if plane strain is assumed instead of plane 
stress but this should still be confirmed by calculation. ‘With 
regard to Equation [2b] it should be said that this is a plausi- 
ble generalization of Equation [2a] for the isotropic material. 
Equation [2b] has, however, not been obtained by solving directly 
the problem for the anisotropic material. It is hoped that the 
theoretical work leading to the foregoing results may be continued 
so as to cover the points mentioned, as well as to obtain results 
which go beyond those given here. 

Numerical Examples. In order to obtain numerical values of 
stress for the foregoing expressions, it is necessary to find values 
of shear modulus and Young’s moduli across the grain, and of 
expansion across the grain caused by changes in moisture content. 

In Table 1 are given some measured and some estimated 
values of shear modulus and Young’s moduli for various species 
of wood. Shear modulus is in the radial-tangential plane (cross 
section of the wood); Young’s moduli are in the radial and tan- 
gential directions of the cross section. In Table 1 are also given 
estimated average values of the hygroscopic coefficient of expan- 
sion a, and a in the radial and tangential directions. These are 
based largely upon values of shrinkage from fiber-saturation point 
tooven-dry condition. The hygroscopic coefficients a are there- 
fore the expansion per unit width of material for each per cent 
increase in moisture content. 

Case 1. Example. Suppose, for example, that at the time of 
gluing the lumber is at 12 per cent moisture content (M,) and that 
subsequently one lamination of the glued-up beam rises to the 
fiber-saturation point (M,) or 28 per cent. The total expansion 
per unit width then occurs over a range of 16 per cent, and 


l6a, 
for edge-grain material, (Fig. 1b). 
€o = l6a, 


for flat-grain material, (Fig. 1c). 

For the various species of Table 1, the values of maximum 
shear-stress intensity, as calculated by Equation [1], are then 
approximately as given in Table 2 under the heading Case 1. 

These values must be considered approximate, because the 
various constants, especially the moduli, are known only approxi- 
mately and show wide variation. Nevertheless, it becomes 
clear that heavy shear-stress concentrations may be set up at the 
outside edges of glue lines when only the outer lamination under- 


4 ‘Report on Materials of Construction Used in Aircraft,’’ by C. F. 
Jenkin, Aeronautical Research Committee (British), 1920; (also, 
from data of Forest Products Laboratory.) 

5 Wood Handbook, U. 8S. Department of Agriculture, Forest 
Products Laboratory. (Slightly revised June, 1940.) 
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Fie. 3 Cass 2—Cross Section TorovueH Two-Layer Beam WiTH PARABOLIC 
CHANGE IN MoistuRE CONTENT 
(Normal stresses perpendicular to glue line have sharp maxima at edges of beam.) 
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TABLE 1 


Hygroscopie coefficients 


Radial 
Species ar 

Spruce... .. 0.00154 


Estimated. 


goes marked change in moisture content while the others remain 
unchanged. This ‘rolling’ shear stress would be sufficient to 
rupture either the wood or the glue line for a short distance in- 
ward, and failure would be progessively inward until the ratio of 
thickness of lamination to width of unruptured glue line became 
large enough to cause a diminution of shearing-stress intensity. 
It is worthy of note that stresses set up by edge-grained lamina- 
tions are generally less than those set up by flat-grained lami- 
nations. 

This is, of course, an extreme case, and one not apt to occur 
very often in practice. The usual conditions are more nearly 
approximated by Case 2, which will be examined next. 

Case 2, Example. In this example parabolic distribution is 
assumed for the change in moisture content across the total 
depth of a two-layer beam, Fig. 3. It was shown that under these 
conditions there would be no shear in the glue line, but that 
normal stresses perpendicular to the glue line would be induced 
as given by Equation [2a] for isotropic materials and by Equation 
{2b] for anisotropic materials such as wood. 

Assuming, for the sake of comparison with case 1, a 16 per cent 
change in moisture conditions; that is 


= l6a, 


or «@ = l6a, 


the normal stresses perpendicular to the glue line for the various 
species of Table 1, are as given in Table 2 under the heading Case 
2. As was true of case 1, flat-grain laminations induce higher 
stresses than do edge-grain laminations, but the difference is 
considerably greater than was true of Case 1. 

It is to be noted that the normal stresses given in Table 2 are 
maximum compression when the moisture content is increas- 
ing, and maximum tension when the moisture content is de- 
creasing. 

Here again we have a case in which extreme conditions are 
postulated. The beam is only two layers thick and both layers 
are undergoing extreme moisture changes, tending to cause 
both of them to bow in opposite directions. It must be kept in 
mind, also, that all the constants are subject to wide variation 
and that the data supporting all of them are meager. It is 
entirely probable that some of them change markedly with mois- 
ture content. If so, the computed stresses will be altered. 

To summarize, depending upon the distribution of moisture 
during a change in the moisture content of a laminated beam and 
depending upon whether the change is an increase or a decrease, 
the extreme conditions are as follows: 

1 No normal stress in the glue line, but shear qcecurring with a 
sharp maximum at the ends of the glue line. “Rolling” shear 
Stresses as high as 2100 psi or more are indicated under severe 
conditions, 

2 No shearing stresses in the glue line, but normal stresses 
occurring with a sharp maximum, either compression or tension, 
at the ends of the glue line. Theoretical stresses as high as 3240 
PSi are indicated. 

Ina laminated beam consisting of a number of pieces, the outer 
laminations would undergo the most marked moisture changes, 
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HYGROSCOPIC AND ELASTIC CHARACTERISTICS OF SELECTED SPECIES 


—Elastic constants-———\ 
Young's moduli Shear modulus 


Tangential Radial Tangential 

at Er, psi Et, psi Grt, psi 
0.00272 238000 140000 36000 
0.00278 155800 113200 7100 
0.002704 140000 70000 22000 
0.00321 1750004 910002 350002 
0.00274 130000 70000 4600 
0.00253 172000 92000 34000 


TABLE 2 SHEAR AND ees INTENSITIES IN GLUE 


Case 1 7, ax Case 2 o, 

-—Shear stresses, psi. —Normal stresses, psi— 

Edge-grain Flat-grain Edge-grain  Flat-grain 

Species laminations laminations laminations laminations 
1850 2160 1740 3020 
Douglas fir.... 660 880 940 1580 
Mahogany..... 1060 1150 910 1720 
1660 2020 1360 3240 
eee 420 550 550 1130 
1590 1590 1330 2130 


and the inner laminations would change moisture content along 
their exposed edges. Under these conditions both shear and 
direct stress perpendicular to the glue lines would occur, each 
perhaps one half as large as indicated in Cases 1 and2. Inany 
event, stresses would probably be concentrated at the ends of the 
glue lines, tending to cause delamination there. 


CONCLUSIONS 


From an examination of glued timbers undergoing changes in 
moisture content, it has appeared that delamination, when it 
occurs, most frequently does so when the moisture content is 
being reduced. In other words, the dehydrating phase of a mois- 
ture-change cycle is the more severe. Not only does glue-line 
delamination occur more frequently during shrinkage but so also 
does checking of the wood. 

Extensive experimentation and field trials lead to the conclu- 
sion that thin laminations are better than thick for gluing, and 
that wood species with low moduli are better than species with 
high moduli. Increased strength of the wood when dry abetted 
by loss of plasticizing water in the glue line apparently are cumu- 
lative and a severe test for a glue. 

Consideration of the factors causing glue-line delamination 
should enable timber laminators to produce better, more durable 
stock. Lower bonding temperatures or shorter high-temperature 
schedules may be used if the glue-line stresses are reduced, so that 
in many instances the extra cost of thinner laminations or a 
thicker beam of a weaker species may be offset by increased pro- 
duction and durability performance. In any event, adhesives 
must be employed which have both high shearing strength and 
high tensile strength perpendicular to the glue line both when 
dry and when wet if laminated beams are to be dependable in 
service. 


Discussion 


. 


F.J. HANRAHAN.’ Theauthors are to be commended for their 
exploratory mathematical studies on intensity and distribution of 
glue-line stresses caused by moisture-content changes in wood; 
also for suggesting a method of reducing these stresses by inter- 
laying thin veneer in each glue line. 

There are some features of the paper on which additional data, 
explanation or discussion would be desirable. 

In case 1, it is stated, ‘“These stresses are largely concentrated 
at the ends of the glue line, decaying toward zero over a distance 


¢ Structural Engineer, National Lumber Manufacturers Associa- 
tion, Washington, D.C. Mem. A.S.M.E. 
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approximately equal to the thickness t, of the lamination.” 
Is this statement based upon internal stress-strain studies or is 
it an assumption as to distribution of intensity of stress? Does 
this statement mean that the shear stresses set up at the glue line 
are independent of the face width (beyond a width equal to twice 
the thickness of lamination) of the lumber laminations glued 
together? 

The formula for maximum intensity of stress (authors’ Equa- 
tion [1]), appears to contain no thickness-of-lamination factor. 
Does this mean that the intensity of the shear stresses set up at 
the glue line due to moisture change is independent of the thick- 
ness of the laminations glued together? 

Without further explanation it is difficult to reconcile the fore- 
going quoted statement with the following statement under Case 
1: “... failure would be progressively inward until the ratio of 
thickness of lamination to width of unruptured glue line became 
large enough to cause a diminution of shearing-stress intensity.” 

Also it would be of interest if .the authors could suggest an 
explanation of why the use of a thin interlayer of low-density 
low-moduli veneer between laminations of dense strong woods 
reduces or prevents delamination. Could it be that the thin 
relatively weak wood flows plastically, tending to permit some re- 
lative lateral movement of the denser layers? Or is the move- 
ment believed to be purely elastic? 

In such a complicated investigation one should not expect 
complete answers from early investigations but additional light 
on the subject, if available, would be helpful. 


VERNE Kercuum’ O. H. Scuraper.’ Fearing the possi- 
bility that the opening paragraph of this paper may leave the 
impression that delamination of glue lines in laminated wood con- 
struction is a common occurrence in service, it is suggested that 
explanation be included that fabricators do not class such types 
of glue as waterproof or intended for exterior use, except where 
adequately protected from the elements. 

It would also be desirable to explain the reasons for increased 
difficulty in gluing with thick laminations. At least three factors 
enter into this relationship: (1) The problem of accurate sur- 
facing; (2) the effect of dimensional changes that take place after 
surfacing, both of which are emphasized with an increased thick- 
ness; and (3) the difficulty of obtaining intimate contact between 
laminations as pressure is applied. 

Both white oak and Douglas fir have been successfully lami- 
nated in quantity for ship parts at the two pilot plants, estab- 
lished by the WPB during the war, and numerous laminated boat 
parts have successful records of years of service under the severest 
kind of service conditions. In fact, not a single failure by de- 
lamination has occurred in these boat parts, and delamination 
need not be a problem if adhesives now on the market are used 
under the conditions for which they are fitted. 

The authors leave the impression that the cold-water-mixed 
room-temperature-setting adhesives, such as casein or urea-resin 
types, should resist delamination after exposure to exterior con- 
ditions. Late tests by the Forest Products Laboratory show that 
under such service conditions only phenol, melamine, or resorci-* 
nol-type glues, employed with careful observance of the required 
curing conditions, will withstand extreme service conditions. 
It would be well to indicate that “waterproof” and ‘“‘water-re- 
sistant” are not synonymous terms, as the plywood manufacturers 
have spent a great deal of money in recent years in attempting to 
make this plain to the buying public, and to engineers and de- 
signers who may employ plywood under a wide range of service 
conditions. 

The formulas and calculations seem valid in so far as the 


7 Chief Engineer, Timber Structures, Inc., Portland, Ore. 
8 Chief Wood Technologist, Timber Structures, Inc. 


MAY, 1946 


constants employed are valid. However, there are also several 
other factors which might have a bearing upon the mechanics 
of the problem: 

1 It is known that wood possesses certain ‘‘plastic-flow”’ or 
“vield” characteristics, although at present no accurate deter- 
minations of these factors have been reported in literature. This 
property of wood is now the subject of extended study at the 
Forest Products Laboratory. The plastic-flow characteristics 
of wood are materially affected by changes in moisture content 
and may be responsible for the observed fact that delamination 
or wood failure along a glue line is far more evident during the 
drying or shrinking phase than in the swelling phase of laminated 
timbers. 

2 The assumption is made that a glue line in laminated wood 
is a continuous sheet or film and is capable of transmitting 
stresses as a continuous member. Actual observations of glue 
lines, made after delamination tests or shear tests, disclose that 
the continuous-sheet theory is not entirely substantiated, but it 
is found that the glue line is frequently broken and separated 
into strips which often coincide with the distribution of spring- 
wood and summerwood on the face of the lamination. 

In summarizing, the authors’ conclusions 1 and 2 should both 
be modified by the consideration of the plastic-flow characteristic 
which will tend to reduce the computed stresses, 

Again, under conclusions, the phrase, ‘consideration of the 
factors causing glue-line delamination,”’ is so used that it infers 
that timber fabricators are not concerned with these factors. 
This is not the case, as witness the many sound efforts made to 
improve commercial gluing techniques, the interest in specifica- 
tions that is being manifested, and the research on this subject 
that has been carried out in recent years. The fabricator is 
ready and willing to adopt any practice that will improve the 
quality without undue increase in cost. The use of low-strength 
interlayers of thin veneer would seem to increase cost and de- 
crease shear and bending strength. 

It would be desirable to distinguish between “delamination,” 
and “wood failure at the glue line,’ as the former may result from 
improper laminating practices or improper use of adhesives, 
while the latter would indicate that it results from severe exposure 
and may be corrected by providing surface protection of paint, 
boxing or other type water-resisting coverings. 

It is important to bear in mind that laminating is a new in- 
dustry which is laboring under severe handicaps in the develop- 
ment of machinery and methods adaptable to volume production. 
It is desirable to make every effort to encourage good practices, 
provided they are not prohibitive from the cost standpoint, as it 
is certain that the industry will strongly oppose methods which 
increase the cost differentials that are now encountered in a com- 
petitive market. 


T. D. Perry.® This paper*reveals a problem in the use of 
laminated timber that is fundamental, i.e., the internal stresses 
that may occur within the timber and independent of any super- 
imposed load. However, it is quite unlikely that two adjacent 
layers will at any time have a net differential of as much as 16 
per cent moisture content, since exterior moisture diffuses inward 
at a diminishing ratio, and even the imperfect barrier of a glue 
line will not retard such diffusion to any substantial extent. Do 
the authors agree with this statement? 

Another point to consider is the width of the glue joint across 
the grain of the lumber. It is conceivable that unit stresses 
would not be troublesome over a 1-in. width, but they might be 
very serious over a 12-in. width. It is probably a fair assumption 
that the percentage of shrinking or swelling over a 16 per cent 


® Development Engineer, Resinous Products & Chemical Co., Inc., 
Philadelphia, Pa. Mem. A.S.M.E. 
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moisture-content range might be as much as 2 per cent, which 
would not be appreciable for pieces 2 or 3 in. wide, but on a 12- 
in. width it would amount to !/,in. It is doubtful whether any 
adhesive would maintain a strong joint between two pieces of 
4/4-in. lumber, one of which was endeavoring to increase its 
width by !/, in., and was restrained only by the strength of the 
glue line. If the widths were greater or the percentage higher, 
the magnitude of this stress would be much more serious. 
the authors any comment to make on this? 

It has been a rough and ready rule among plywood manu- 
facturers that test pieces, made with a suitable resin adhesive, 
of an all-veneer construction with !/,.-in. veneer layers, can be 
put through prolonged wet-dry cycles without delamination. 
When !/s-in, layers are used, the case becomes marginal and de- 
lamination may occur, 


Have 


If, however, or layers are 
glued together, delamination is reasonably certain to take place. 
This has been explained by the theory that the total expansive 
power of a '/s-in. layer is about double that of a !/j.-in. layer, and 
in other ranges varies approximately as the thickness. My ob- 
servation, without scientific analysis, seems to confirm this 
theory. Therefore, would the thickness of the adjacent layers 
invalidate or modify any of the assumptions or conclusions made 
in the paper? 


G. M. Rapp.'® The paper is stimulative and timely; because, 
within the writer’s knowledge, it is the first time that methods of 
the mathematical physicist and of the structural engineer have 
been applied to the long-observed phenomena of delaminating sur- 
faces; and furthermore, because the application of laminating and 
modern gluing techniques, which have been so notably advanced 
during the war, gives promise of even greater acceleration and 
much wider use in the immediate future. With the “redis- 
covery” of wood as one of our foremost structural materials, 
it is necessary that we advance our knowledge of its behavior 
under varying conditions of moisture and temperature, quan- 
titatively, rather than to treat these, as heretofore, as anomalies 
to be allowed for but not accounted for. The authors are to be 
congratulated for pointing out a specific problem relating to a very 
important limitation of wood, i.e., its dimensional instability 
under moisture change in glued assemblies. 

The writer has long been interested in the intrinsic causes 
underlying the delamination of adhered surfaces. Although the 
authors have confined themselves to wood, the question really is 
a far more general one to which mathematical analyses can bring 
much in the way of a clearer understanding of the adverse actions 
involved and the remedies possible. Not only wood but most 
organic materials are susceptible to dimensional change with 
moisture content, with the inevitable result that stresses are pro- 
duced in heterogeneous assemblies and even in the homogeneous 
materials themselves when they are subjected to moist environ- 
ments. It is the writer’s opinion that somewhat the same action 
as postulated by the authors in a simplified example of a lami- 
hate, obtains also in paint coatings on wood, ceramic glazes on 
clay tile, plaster on walls, in fact, in any combination where 
materials, which are unlike in their moisture-expansion proper- 
ties, are adhered to each other. He agrees wholeheartedly with 
the conclusion that the cause of many observed delaminations is 
induced stresses. For example, the “popping” of an expanding 
plaster on a wall, the lifting or peeling of paint, the crazing of the 
glaze on tiles and of portland-cement-mortar overlays. An ex- 
treme illustration, and one intriguing to the analytically minded, 
is the crackling of glass produced by certain glues; a phenomenon 
put to practical use by the glass technologists. 

_ Furthermore, like the authors, the writer has attempted to 


Gn Assistant Director, John B. Pierce Foundation, New Haven, 
onn. 
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evaluate some of these problems as the stress analyst would in- 
vestigate a bridge or other structure. After all, with a quanti- 
tative knowledge of the moisture change and other elastic proper- 
ties of the materials involved, the only difficulties in obtaining a 
solution are those of defining correctly the equilibria conditions, 
establishing reasonable assumptions for simplification, and solv- 
ing the mathematical equations. Analogous problems exist and 
have been solved in such cases, for example, as determining the 
stress performance of bimetallic elements (from unequal thermal- 
expansion coefficients) and in the calculating of the shear stresses 
induced in fillet-welded joints in steel members or, again, in 
theorizing as to the distribution of bond stresses along a concrete 
reinforcement bar. In all these cases, as in the authors’ case, 
the general pattern of the stress distribution along the joint fol- 
_lows the exponential (e7) law, which follows naturally from the 
fact that the changes in stress along the bond line are proportional 
in some way to the stress itself. Thus it would be expected, as 
the authors show, that maximum stresses would occur at the 
ends of the glue line and dissipate themselves rapidly as the neu- 
tral point is approached. 

It is impossible to comment authoritatively upon the authors’ 
formulas since their mathematical derivations have been omitted 
from the paper. It is regrettable that this was done inasmuch as 
the reasonableness and true significance of the conclusions de- 
pend so completely upon the mathematical processes. However, 
the final equations given appear to be rational though apparently 
simplified by the insertion of certain limits which, although they 
serve the purpose of a solution for the specific problem, do not 
permit of generalization. Obviously, the authors have made 
assumptions in their analysis which do not appear in the paper. 
Presumably one of these was that there is no slip in the glue line 
itself. Such an assumption would complicate the mathematics 
but might be a valuable addition to the theory in view of the 
greater attention being given to thermoplastic adhesives and to 
the use of “‘cushioning”’ interlays. 

The writer objects to the terminology “hygroscopic coefficient 
of expansion.”? He would suggest the expression “‘coefficient of 
moisture expansion,’”’ which applies regardless of whether ab- 
sorption or adsorption processes are involved, and whether the 
environment is air with a high water-vapor content or merely 
liquid water. 

In his own attempts to solve similar problems mathematically, 
the writer has usually ended up with expressions which include the 
thickness of the laminate. The necessary summation of the dis- 
tortions from the tensile, compressive, and shear stresses in- 
duced in both cases illustrated is dependent upon this thickness 
factor. The authors have contented themselves with stating 
that observation has shown adverse results with thicker veneers. 

Also, oge’s attention is drawn to the statement under Case 1, 
‘no normal stresses perpendicular to the glue line are set up.” 
Ip considering infinitesmal elements directly beneath and above 
the glue line and the combination of the shear and direct stresses 
acting upon these elements, the conclusion is inevitable that there 
must exist a resultant or principal stress which is not parallel to 
the glue line. These principal stresses, which also exist in beams, 
have therefore components normal to the glue line, which predi- 
cate the presence of tensile or compressive forces, dependent upon 
the relative magnitude and direction of the shear and direct 
stresses. Tensile stresses, if they truly exist, may be significant 
in accounting for delamination. In fact some theorists go so 
far as to hypothesize tension as a prerequisite for every material 
failure. 

The authors properly point out the greater susceptibility of 
flat-grain as compared with edge-grain veneers to delamination 
and checking. This is accounted for by the relatively greater 
dimensional change tangentially in most woods. The writer 
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has just seen a somewhat dramatic corroboration of this in cer- 
tain tests in his laboratory involving the moisture changes in edge- 
grain and flat-grain laminated oak. It is a fact of practical 
significance worthy of note by fabricators. 

The authors are to be commended for the realistic approach 
which they take in Case 2, wherein they assume a parabolic dis- 
tribution of moisture content throughout the depth of their 
sample beam. Because all wood structures absorb and desorb 
moisture from the outside inward, this has special significance. 
It might well be pointed out, however, that the induced stresses 
will be dependent upon the rate at which such moisture gradients 
are generated within the wood or, in other words, on the time 
element. This factor, which is well known to everyone ex- 
perienced in the kiln-drying of wood, offers a possible means of 
control against delamination in laminating practice, i.e., con- 
trolled curing. 

In closing, the writer wishes to appeal to the authors to sub- 
mit their mathematical analyses either in an appendix to this 
paper or in a future presentation. It is the only foundation 
upon which the true significance of their results can be appraised. 


C. B. Norris" anp A. C. Knavuss.'? It is difficult to comment 
on this paper without the inclusion of the mathematical analysis 
which leads to the results obtained. The mathematical analysis is 
exceedingly difficult and has not previously been accomplished. 
Probably some simplifying approximations have been made and 
the results therefore may be misleading. 

It has been found that wood flows plastically at stresses well 
below the published proportional-limit stresses. This plastic 
flow will materially modify results obtained by use of the mathe- 
matical theory of elasticity. It does not seem that sufficient is 
known about the plastic behavior of wood to make the solution 
of the problem possible. 

We believe that some of the assumptions and conclusions drawn 
are not generally applicable to nor borne out in experience with 
laminated-timber construction, although they may be applicable 
in certain specific instances. 


C. D. Dosxer.'* The authors’ suggestions are in line with 
the writer’s observations of the behavior of laminated timbers 
when exposed to variable moisture conditions. It is true that 
delamination tends to take place along the exterior edges of the 
glue lines. It is true, also, that the first evidence of delamination 
frequently occurs with the first substantial change in moisture 
content, but does not continue to increase in depth with 
subsequent moisture changes. The authors’ analysis sug- 
gests an interesting and seemingly logical explanation of this 
phenomenon. 

One question which occurs to the writer concerns the distribu- 
tion of stress assumed in Case 2, as illustrated in Fig. 3. No 
“rolling shear’? stress is assumed and this assumption is un- 
doubtedly correct if it is assumed further that there has been no 
change of moisture content in the fibers immediately adjacent 
to the glue line. If a moisture change develops adjacent to the 
glue line, however, and if the glue exerts a restraining influence, 
it would seem that some shear stress would be present on both 
edges of the glue line. In the absence of a moisture change ad- 
jacent to the glue line, all stress would be normal to the glue line 
as indicated by the authors. 

It is not apparent, however, why this stress should be zero at 
the center part of the glue line, as is indicated in Fig. 3. On the 
contrary, it would seem that in the case illustrated, the maxi- 


11 Forest Products Laboratory, U. S. Department of Agriculture, 
Madison, Wis. Mem. A.S.M.E. 

12 Forest Products Laboratory, U. S. Department of Agriculture, 
Madison, Wis. 
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mum tension stress should occur at the center point. This, how- 
ever, would not in any way tend to invalidate the conclusions 
derived by the authors. 


AutHors’ CLOSURE 


The comments made in the foregoing discussions serve the very 
useful purpose of emphasizing certain aspects of the investigation 
and of indicating again its limits. 

Only two cases, capable of a reasonably close mathematical 
solution, were selected. These two cases, furthermore, represent 
two extreme conditions, one in which only shear stresses are in- 
duced at the glue line, and one in which only stresses normal to 
the glue line are induced. Both of these lead to high stress 
values. In an actual instance, the true condition would probably 
be intermediate between these extremes. 

The discussion re-emphasizes that a 16 per cent change in 
moisture content is an extreme case. This case was used in com- 
puting the values given in the tables, and would represent ma- 
terial changing from fiber-saturation point (green wood) to air- 
dry. Such a condition would seldom occur. 

Basic to all this discussion, of course, is the uncertainty res- 
pecting the constants employed. These are known only ap- 
proximately, are subject to wide variation, and presumably vary 
considerably with changes in moisture content. Furthermore, as 
re-emphasized several times in the discussion, wood is probably 
subject to plastic flow and therefore the constants are subject to 
considerable modification . 

These factors not withstanding, the principal point brought 
out by the analysis is that both shear and tension perpendicular 
to the glue line may be induced by changes in moisture content, 
the stresses may be high, and the maximum intensity is likely to 
occur at the ends of the glue lines. It follows, of course, that the 
same stresses exist in the wood directly adjacent to the glue, and 
the high-quality glues presently employed in the laminating in- 
dustry have shown themselves capable of withstanding any 
stresses which wood itself will withstand. Fabricators of lamin- 
ated timber, who understand and appreciate these various fac- 
tors, select their adhesives for the conditions under which they 
are to be employed, and also understand the necessity of taking 
into account the moisture content of the wood at the time of 
fabrication as well as in service. The analysis presented in this 
paper to a large extent substantiates analytically what has been 
found in a general way to be true by experience, as pointed out in 
several of the discussions. 

As to the question of the nature of the mathematical analysis 
employed we should like to quote the following paragraph of the 
paper which had been inserted after the discussors had seen the 
paper but before the authors had seen the discussions. 

“Equations [1] and [2a] have been obtained by minimum 
energy methods. A stress distribution was assumed of known 
shape in the direction across the thickness of the laminations 
while the variation of the stresses in the direction of the glue line 
was determined entirely by the energy method. A further 
approximation was made by saying that the state of stress was 
plane. It is believed that the values of the maximum stresses 
will be changed slightly only if plane strain is assumed instead 
of plane stress but this should still be confirmed by calculation. 
With regard to Equation [2b] it should be said that this is 4 
plausible generalization of Equation [2a] for the isotropic ma- 
terial. Equation {2b] has however not been obtained by solving 
directly the problem for the anisotropic material. It is hoped 
that the theoretical work leading to the above results may be 
continued so as to cover the points mentioned as well as to obtain 
results which go beyond those given here.”’ 

The authors are fully conscious of the fact that they have only 
made a beginning and that much more remains to be done before 
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the problem of this paper can be considered to be fully solved. 
They are confident, however, that within the limitations stated 
the mathematical results will be confirmed by future work. 

Early experiments with the use of thin interlayers had led to 
the belief that stress relief might be obtained thereby. However, 
continued exposure to alternate wet and dry cycles proved this be- 
lief to be in error. It did appear that the interlayers relieved to 
an appreciable extent the shear stresses, but did not relieve the 
normal stresses induced during the drying cycle. Statements re- 
garding the use of thin veneer interlayers were omitted at the oral 
presentation, but unfortunately were in the earlier copies offered 
to the discussors. These statements are also absent from the 
final paper. 
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Considering the question presented regarding the classification 
of glues into waterproof and water resistant grades, the paper 
attempts to indicate that glues may be completely waterproof but 
not able to withstand the normal or shearing stresses imposed 
during changing moisture content of a laminated beam. Proper 
selection of the glue must necessarily be dependent on the wood 
specie as well as the beam size, lamina size, and service conditions 
to be expected. It would appear that a glue for spruce need not 
be anywhere near as strong as a glue for oak. Conditions for use 
of the glue also must enter into consideration, so that the possi- 
bility of using a lower temperature of cure, or a less expensive 
glue with the less stress inducing joints may be worthy of con- 
sideration by the timber fabricators. 
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This paper presents results of a special series of tests 
made with fitted and broached railway-car journal bear- 
ings as part of the program of the Journal Bearing De- 
velopment Committee of the Association of American 
Railroads. Three recently developed bearings, each con- 
taining less bronze than the old standard A.A.R. bearing, 
were tested. Comparative tests were run with bath, pad, 
and waste-pack lubrication. Quantitative effects of 
fitted and broached bearing surfaces and method of lubri- 
cation on operating temperature, frictional power loss, and 
the all-important minimum film thickness are given. 
An attempt has been made to separate the friction of the 
bearing from that of the pad or waste-pack lubricator. 
Total frictional power losses of the box are given in terms 
of drawbar pull. 


INTRODUCTION 


N December, 1941, the Association of American Railroads 

organized a journal-bearing development committee? for the 

purpose of studying and redesigning the railway-car journal 
bearing. The main object of this committee was conservation of 
nonferrous metals. According to recent figures (1)* there are 
about 250,000 tons of nonferrous metals in the journal bearings of 
railroad rolling stock in this country. Any possible reduction in 
weight of these bearings, consistent with safety, would mean im- 
portant tonnages of copper, lead, and tin available for other war 
purposes. Since there are some 2,000,000 cars in service, and the 
rate of bearing renewal is about two bearings per car per year, 
any possible saving would soon become apparent. 

The first steps taken by the A.A.R. Journal Bearing Develop- 
ment Committee were to redesign the standard journal bearing 
and to invite bearing manufacturers and other interested parties 
having ideas on how strategic metals could be saved, to submit 
bearings for test. These tests were conducted in the laboratory 
of the Railway Service and Supply Corporation in Indianapolis 
under the direction of a full-time resident committee. Bearings 


‘Service Manager, 
A.S.M.E. 

* Membership of this committee includes Chairman W. I. Cantley, 
Mechanical Engineer, Association of American Railroads; C. B. 
Bryant, Assistant to Vice-President, Research and Tests, Southern 
Railway System; J. W. Hergenhan, Assistant Engineer, New York 
Central System; J. R. Jackson, Engineer of Tests, M. P. Lines; L. 
B. Jones, Engineer of Tests, Pennsylvania Railroad; J. Mattise, 
General Air Brake Inspector, C.&N.W. Railway; S. J. Needs, 
Kingsbury Machine Works, Inc., A.S.M.E. Representative; V. C. 
Barth, C.&N.W. Railway, R. V. Brinkworth, New York Central 
System, and J. M. Wingert, Pennsylvania Railroad, members of 
resident committee. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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successfully passing the laboratory tests were further tested in 
actual service. 

Two obvious methods of reducing the amount of strategic 
metal in a bearing are to reduce its dimensions, or to replace the 
metal by some material more plentiful. Since there appears to be 
no satisfactory substitute for babbitt, reduction in quantity is the 
only open course. It has been found possible, however, to 
lighten the bronze back considerably, also to replace a large per- 
centage of the bearing bronze with ferrous metals. 

The old standard 5!/. X 10 bearing weighed about 251/: lb. 
The bronze back weighed 20'/, lb, and the '/, in. thickness of 
babbitt lining averaged about 5 Ib. In redesigning this bearing 
the committee reduced the weight of the back by about 2!/s lb 
and took the same weight from the lining. Thus 12 per cent of 
the bronze and 50 per cent of the babbitt were saved. These 
changes in design not only save 5 lb of metal but have resulted in 
mechanical improvements by eliminating several sources of 
trouble in the old bearing. One feature of this improved bearing 
is the depressed back, patented by E. 8. Pearce (2), which applies 
the load near the ends of the bearing instead of at random, thus 
permitting the bearing to bend axially and conform to the flexure 
of the loaded journal. The back is now machined, which in- 
creases contact area and thus improves heat transfer to the wedge. 
Another improvement is broaching or boring the babbitt bearing 
surface to a uniform diameter which provides a smooth machined 
surface for the journal instead of the rough cast surface per- 
missible in the old design. The improved bearing, known as the 
A.A.R. Emergency, D23-5/29/42, is shown in Fig. 1. 

A design submitted by the author’s company removes another 
3/2. lb from the bronze back of the 5'/. X 10 bearing by using 
ribs instead of solid construction. In this design the load is 
applied to the back on four properly located bosses. Due to the 
greater flexibility of the back and the predetermined points of 
load application, the bearing can flex circumferentially as well as 
axially. This results in increased bearing area and greater film 
thickness, which reduces unit load and rate of wear. Thus the 
20'/2-lb back of the old A.A.R. bearing has been lightened some 6 
lb, or about 30 per cent, with improved bearing characteristics 
and performance. This bearing is shown in Fig. 2. 

A bearing which goes considerably further in conservation of 
bronze has een submitted by the Railway Service and Supply 
Corporati 1. This design, called the ““V’’ bearing (3), abandons 
the one-; 2ce idea and employs a relatively thin bronze shell fitted 
into a Malleable-iron back. In the 5!/2 X 10 size this composite 
bearing requires only 5.7 lb of bronze, as compared with 14.4 lb 
in the flexible-back bearing, 17.7 lb in the A.A.R. improved bear- 
ing, and 20.5 lb in the old A.A.R. bearing. The malleable-iron 
back weighs somewhat less than 9!/;lb. This bearing is shown in 
Fig. 3. 

Many other bearings were submitted to the committee for 
test. The three mentioned are typical examples of practical 
substitute bearings. They performed well in service and were 
selected for a special series of tests herein described, to determine 
their operating characteristics. A full report of the committee’s 
work is beyond the scope of this paper. 
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Fic. 1 A.A.R. Emercency Beartne 93 (D23-5/29/42) 
(Fitted to test journal under load.) 


Fic. Krnesspury FLeEx1BLE-Back BEARING 94 
(Fitted to test journal under load.) 


Few IMPROVEMENTS IN History oF Rartway-Car BEARINGS 


Despite the importance of the railway-car bearing and the 
great number replaced annually, little effort has been made to 
improve its performance. The basic design of the bearing in use 
today dates back to the early days of the American railroads. 
Lack of progress has been due to several factors, perhaps most 
important of which is the fact that the bearing behaves very well 
in service without requiring too much attention. Considering 
the vast number of bearings in operation, actual failures are few 
and far between. The only machined surface required on the 
prewar bearing was the bore to which the babbitt lining was 
applied. In many cases the bearing surface and back were used 
as cast. For example, the lining of the 5'/; X 10 bearing was 


rough-cast to 5%/;. in. diam. Corresponding journal diameter 
could vary from 5!/. in. when new to 5 in. before the axle was con- 
demned. The 5%/,-in-diam rough-cast babbitt bearing surface 
was applied to the journal with permissible diametral running 
clearance from in. to After establishing load-carrying 
area by wear, the bearing would run for an average of 4 years 
under loads often exceeding 1000 psi of actual bearing area, lubri- 
cated by oily waste usually contaminated by appreciable quanti- 
ties of dirt, grit, and water. The journal was finished by roller- 
burnishing, a process hardly conducive to a geometrically perfect 
surface. In the general case part of the contamination in the 
lubricant embedded itself in the babbitt and aided by sidesway, 
the bearing became an effective lap which improved the journal 
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Fic. Rattway Service & Suppty Corporation BEARING 95 
(Fitted to test journal under load.) 


surface. As bearing area increased with wear, film thickness and 
load capacity increased and the bearing became safer. After the 
initial wearing-in period the rate of wear dropped to 0.001 to 
0.002 in. per 1000 miles. At the end of its average life of 4 years 
the bearing was removed for one of many reasons but seldom be- 
cause of crown wear, since only three in every hundred bearings 
removed are worn out in the crown. 

Considering the geometrical perfection of oil film designed into 
bearings for modern high-speed machinery, the behavior of the 
crudely constructed railway journal bearing is most impressive. 
Occasionally there might be an epidemic of hotboxes but year in 
and out the general performance has been satisfactory. Hence 
aside from economic considerations, there appeared to be no 
urgent necessity for changes. 

Regardless of its record, however, the railway-car journal 
bearing is susceptible of improvement. One reason for improve- 
ment is the fact that in 1943 there were about 135,000 “‘set-outs”’ 
due to bearing trouble in freight cars, with resultant loss of time, 
service, and revenue. It is obvious that the frictional drag of the 
waste-pack consumes power which could be used in hauling useful 
load. It is also clear that a better fit between journal and bearing 
would result in less load per unit of bearing area, increased oil- 
film thickness, and greater load capacity. 

Minimum film thickness is the criterion of bearing safety. In 
operation a properly fitted bath-lubricated bearing is completely 
Separated from its journal by an oil film of appreciable thickness, 
except at the moments of starting and stopping. Thus wear is 
reduced and bearing safety increased. These considerations are 
hot new. Fitted journal bearings are common on European rail- 
way cars and replacement of waste pack by bath lubrication has 
been made successfully abroad (4). The problem has also re- 
ceived some attention here. 

To evaluate the possibilities in this direction the committee 
undertook comparative tests of fitted and broached bearings 
lubricated by bath, pad, and waste pack. The object of this 
paper is to describe these particular tests and to draw some 
Seneral conclusions therefrom. 


Tue Testing MAcHINE 
The machine used for the journal-bearing tests is shown in Fig. 


Fic. 4 Journat-Beartna TestiInc MAcHINE 


4 and is fully described elsewhere (5). Essential elements of 
this machine consists of a horizontal axle supported by two roller 
bearings with a 5'/. X 10-in. test journal overhung as in the 
conventional railway car. The axle is connected through a flexi- 
ble coupling to a 25-hp d-e motor which draws its power from 
the city lines through a motor generator set. The machine is 
able to start under full test load and maintain constant rpm 
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corresponding to any speed from zero to above 100 mph. An 
automatic recorder makes a continuous record of speed. A re- 
cording wattmeter gives continuous indication of power applied 
to the motor and more precise readings may be made by am- 
meter and voltmeter. 

The bearing under test is mounted in a conventional box loaded 
by a beam across the top much as in regular service. Load is 
applied to the beam by direct-reading scales through an amplify- 
ing lever arrangement. During all tests herein described the 
load was held constant at 16,375 lb. A dust guard was applied to 
the inside end of the box to control oil leakage. All parts of the 
box assembly conform to A.A.R. standards. 

Temperatures of journal, bearing, wedge, and box were meas- 
ured by thermocouples located in a plane near the longitudinal 
center line of the assembly. Journal temperature was measured 
in a central hole in the journal drilled from the outer end. Bear- 
ing temperature was measured in a similar hole drilled in the 
center of the bronze back parallel with the bearing surface. 
Wedge temperatures were measured on each side, and box 
temperatures were measured at several points around the inner 
side. 

Diameter of the test journal was 5.4385 in. A departure from 
usual railroad practice was made by grinding the journal to size 
instead of finishing by roller-burnishing. The journal was not 
reground for these particular tests. An entirely satisfactory 
surface was obtained with no measurable decrease in diameter by 
light honing with a fine hard stone. 


BEARINGS, LUBRICATION, AND OIL 


Bearings included in this study are shown in Figs. 1, 2, 3, and 5. 
Bearing 93 is the A.A.R. emergency design D23-5/29/42, manu- 
factured by the National Bearing Metals Corporation. Bearing 
94 is the flexible-back design manufactured by the Pennsylvania 
Railroad from a drawing furnished by the author’s company. 
Bearing 95 is the “V”’ design of the Railway Service and Supply 
Corporation, and Bearing 92 is the A.A.R. emergency design 
manufactured by Magnus Metals Corporation and known as the 
“Magnus Special.” 

Analyses of the backs show the metals are closely alike. Aver- 


Fic. 5 A.A.R. Emercency Bearina 92; ‘“Maanus 
Lined with alkali-earth-hardened lead.) 
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age contents are 73.6 copper, 19.8 lead, 5.9 tin, and 0.5 zinc. To 
eliminate any possible difference in results due to the linings, 
bearings 93, 94, and 95 were babbitted at the St. Louis plant of 
the National Bearing Metals Corporation at the same time with 
metal from the same pot. This babbitt contained 87.1 lead, 8.1 
antimony, 4.7 tin, 0.1 arsenic, and a trace of copper. Bearing 92 
was lined, by Magnus Metals Corporation, with a metal composed 
almost entirely of lead. Its contents were 97.6 lead, 1.7 tin, 0.4 
calcium, and 0.2 magnesium. The alkali earth was added to 
harden the lead. 

The four bearings were bored or broached to the journal di- 
ameter and fitted by hand-scraping under full test load, thus 
eliminating effects of journal and bearing flexure due to load. 
Bearings 92, 93, and 94 were each 5'/s in. long in the direction of 
motion. This is equivalent to an angular length of 113.2 deg. 
Actual bearing area was 45.7 sq in. and since the total load in all 
tests was 16,375 lb, the three bearings carried a unit load of 358 
psi of actual bearing area. Bearing 95 was compound-broached, 
and its fitted length was 2°/, in. between the two longitudinal 
grooves. This is equivalent to an angular length of 55.4 deg. 
Actual bearing area was 22.3 sq in., and the unit load was 735 psi. 
All bearing surfaces were 8/2 in. wide at right angles to the direc- 
tion of motion. 

When fitting the bearing surfaces it was noted that the alkali- 
earth-hardened metal was appreciably harder than the babbitt. 
This is also shown in the illustrations of the fitted bearing sur- 
faces. Fig. 5 shows the hardened lead lining spotted much as if 
the metal were tin-base babbitt. Figs. 1, 2, and 3, however, 
show the spotted areas extending over practically the entire 
surfaces. This intimate contact was brought about by wear and 
plastic flow of the high spots under load. The scraper removed 
most of the metal, and short circumferential back and forth 
movements of the dry journal under load produced sufficient wear 
and flow to fit the bearing to the journal. Scratches in the 
journal, however slight, were imprinted on the bearing surfaces. 
In fact this metal was so soft that gentle rubbing with clean 
cheesecloth would produce scratches. Its Brinell hardness was 
17.8, as compared with 23.8 for the alkali-earth-hardened lead. 
Brinell hardness of tin-base babbitt (85-10-5), is about 23.9. 
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(120-deg centrally loaded bearing; 4 in. diam X 4 in. wide. Load 16,760 
lb = 1200 psi of projected bearing area, Atreco XB oil, viscosity 14.4(10) ~¢ 
b sec per sq in. at 100 F.) 


When bronze bearings are fitted to a steel shaft at a given 
temperature they remain fitted only at that temperature. Bear- 
ings 92, 93, 94, and 95 were fitted at about 75 F. Since operating 
temperatures were well above room, the bearings automatically 
provided their own running clearance by differential expansion of 
bronze bearing and steel journal. The importance of this clear- 
ance is shown in Fig. 6 which refers to a bath-lubricated 120-deg 
bronze bearing 4 in. diam X 4 in. long, carrying a load of 1200 psi 
of projected bearing area. Curve A shows variation of friction 
with speed when the bearing is running with a shaft fitted at 
room temperature. Curve B shows friction variation when 
running with a shaft 0.0035 in. smaller in diameter than the shaft 
to which the bearing was fitted. At higher speeds the tempera- 
ture rise provides running clearance for the fitted bearing, and the 
increased clearance with the smaller shaft is not particularly effec- 
tive in reducing friction. At lower speeds, however, the tempera- 
ture is not high enough to cause much difference in expansion of 
bearing and journal and these surfaces remain at substantially 
equal radii. Under such conditions the friction of the fitted 
bearing is appreciably greater than that of the clearance bearing. 
At i0 rpm, friction with the fitted bearing is about 70 per cent 
greater than with the clearance bearing. 

In addition to fitting the bearing surfaces, attention was given 
to the backs and wedge to avoid possible torsion of the bearings 
when loaded. Some time was also spent fitting the insert of 
bearing 95 to its malleable-iron back. 

In all tests with bath lubrication the oil level was set at */, in. 
above the bottom of the journal at the start of each run. Oil 
circulation, thermal expansion, and leakage altered this level 
during the test but the quantity of oil in the box was kept sub- 
stantially constant by replacing the small amount lost with fresh 
oil. 

The journal lubrication pad used in the tests was developed by 
the Railway Service and Supply Corporation. It is described 
elsewhere (6) and has been successfully used in railroad service. 
Oil level with the pad was set at 5/, in. below the bottom of the 
journal at the start of each test. 

The waste pack used for lubrication in these tests weighed 8 Ib. 


It consisted of 31/, Ib of oil for each pound of new oven-dried 
cotton waste. 
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Oil used in the tests was neutral reclaimed car oil. Viscosity 
was 348 S.S.U. at 100 F, 154 sec at 130 F, and 53.8 sec at 210 F. 
Specific gravity was 0.9123 at 60 F and 0.8877 at 130 F. Oil from 
the same barrel was used throughout the study. 


Test oF BEARING WITH ALKALI-EARTH-HARDENED LEAD LINING 


Bearing 92, with the alkali-earth-hardened lead lining, was 
first run bath-lubricated at 40 mph, which is equivalent to 374 
rpm of a 36-in-diam wheel. Bearing temperature became con- 
stant at 176 F and the test was discontinued at the end of 6 hr. 
Upon inspection the bearing surface was found practically un- 
changed. Fitted spots in the central bearing area seemed to have 
lost some of their polish but were still quite distinct. Several 
tiny holes were found in the bearing surface near the lug end from 
which oil seeped as the bearing cooled. If all oil is removed from 
the bearing surface seepage will continue even at this writing, 
more than a year after the bearing was tested. 

An 8-hr run was made at 40 mph the following day. Final 
bearing temperature was 196 F. There was no change in appear- 
ance of the bearing surface but a longitudinal seam had opened 
about 13/, in. from the entering edge, running parallel with the 
bearing axis to within about 1 in. from each end. This seam 
corresponded to the edge of the large babbitt groove which in this 
design is cast in the back. No doubt the disturbed metal around 
the edges of this seam had interfered with action of the oil film 
and accounted for the higher operating temperature. 

A run was made next day at 80 mph (747 rpm). The power- 
input curve was very uneven, and several times the normal motor 
input of 3.5 kw increased momentarily to more than 7 kw. 
After about 3 hr of such operation the bearing temperature 
reached 300 F and then began to decrease. At6 hr the tempera- 
ture had dropped to 275 F, and the machine was unloaded and 
stopped. Upon removal the bearing area was found badly 


Fic. 7 Corrosion AND WIPING oF ALKALI-EARTH-HARDENED LEAD 
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Fic. 8 Firrep A.A.R. EmerGcency BeEartInG 93 ArrerR TEsTs 


Note that scraped pattern is still visible after bearing has “‘traveled’’ 3680 
miles, indicating complete separation of bearing and journal.) 


Fic. 9 Firrep Kinessury FLexiste-Back Bearinc 94 AFTER 
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(Note that scraped pattern is still visible after bearing has ‘‘traveled’’ 3680 
miles, indicating complete separation of bearing and journal.) 
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corroded and in some spots the corrosion had caused wiping, as 
shown in Fig. 7. Cause of corrosion remains to be determined 
but the only obvious difference between this run which resulted 
in failure due to corrosion, and the previous runs in which no 
corrosion occurred, was an increase in bearing temperature due to 
increased speed. Corrosion of high-lead alkali-earth-hardened 
linings had been observed in earlier tests of broached waste- 
packed bearings. This lining was included in the present study 
to discover whether or not the phenomenon would reappear when 
bearing and journal were more widely separated by the thicker 
oil film of the fitted bearing. 


Tests oF Bassirr-LiNED BEARINGS 


(a) Fitted Bearings. Procedure in all tests with babbitt-lined 
bearings followed the same routine. All bearings were run bath- 
lubricated before continuing with pad and waste pack. Fresh 
oil was used with each change in method of lubrication of each 
bearing. An 8-hr run was made with each bearing at each 
speed. Machine and bearing were permitted to cool overnight. 
Approximately one half the test period was required to warm the 
parts and reach stabilization temperature at which rates of heat 
generation and dissipation became equal. From then on there 
was little, if any, temperature change. No special cooling was 
provided for the box, hence operating temperatures were appre- 
ciably higher than would obtain in service where the box is air- 
cooled as the car moves along. The machine was started and 
stopped with the load removed to avoid possibility of surface 
abrasion in the absence of an oil film. 

The fitted bearings are shown after the tests in Figs. 8, 9, and 
10. Each bearing had “traveled”? 3680 miles and except for 
circumferential scratches, due to insoluble particles passing 


wy” 
Fic. 10 Frrrep Rattway Service Supp.ty Corporation “Y 
BearinG 95 Arrer TESTS 


(Note that scraped pattern is still visible after bearing has ‘‘traveled” 3680 
miles. Scratches are somewhat more pronounced than in bearings 93 and 9 
due to thinner oil film.) 
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TABLE1 RAILROAD-CAR 5'/2 X 10 JOURNAL BEARINGS; BEARINGS FITTED UNDER LOAD? 

SPEED 40 M.PH. (373.6 R.RM) 80 M.PH.(747.2R.PM) | IOOMPH.(934RPM) 
BEARING 93 | 94 | 95 93 | 9294 95 | 93 | 94 | 95 
LUBRICATION PAO BATHPRO PAD waste| BATH Aap PAD BATH] PAD 
JOURNAL TEMP |200|232 |207|2401234126/ |307|230 12701322 |223|279| 33011270 275 255 
BEARING TEMP. |/99 |23/ |/74 |20/ |23/ 1232|256|30/ |2291267/320|219 |2671 316 1266 274 251 

BOX TEMP 151 |142|138 1144 |13! |168]/98 1173] 1631/91 |188}1651226 23! 218 
ROLLER 37} |134)/32|/36 9/58) 158 | 164)/59 1168 |167 172 

ROOM TEMP 90} 90 | 93} 90190 | 92| 94] 90| 88| 91 | 92| 88| 95| 901 96 %6 98 
JOURNAL TEMP RISE] 78|1051/32| 74 11/0 |140 | 82 |1/7 1494391173 |2/6 |/38 |227|134 | /84|2401174 179 157 

BEARING TEMPRISE! 76 |102|128 | 74 11091139 | 11! 168 | 2/0 1137 11301172 1226170 178 153 

BOX TEMP RISE |52)45|5415/ | 39] 60| 57] 44 83 | 77 |/06| 85 |68 |102| 94 | 75/30 135 120 
MOTOR INPUT 19091817 9 1302413090131 [2990310613139 12974323) IB984 387) 

MIN. FILM (IN) GO | 46] 35] 6! | 42] 32 [ | 23 | 20 | 40] 33 | 47 [37] 30] 29] 2) | 18 35 23 

MULTIPLY BY (I0)7> TEMP. AND TEMP RISE IN DEG. F 

® Load 16,375 lb; journal diameter 5.4385 in. Stabilized running condiditions, 8-hr test runs. 


TABLE2 RAILROAD-CAR 5!/: X 10 JOURNAL BEARINGS; BEARINGS TO IN. DIAMETER; DIAMETRAL CLEAR- 
ANCE 


NCE 0.093 IN. 


SPEED 40 MPH. (373.6 RPM) 80 M.PH.(747.2RPM) 100 M.PH. (934 R.PM.) 
BEARING 93-A | 94-A 95-A 93-A 94-A 95-A 93-A | 
LUBRICATION PRO WwASTBATH| |wASTE|BATH| PAD BATH PAD|WASTAL BATH] PAD WASTEIBATH| PMD 
JOURNAL TEMP |195|230 | 170 |209|22542/3 |257|297|207 |262|304|2/5 |275|322424! 229 235 
BEARING TEMP. |2/G§2/! |2501288|207 | 302/22 |263) 3074240 [229 232 
BOX TEMP |126|125 158]/65 |172|/58|155 |/76 1/67 1198 187 197 

LLER BRG | 140} 140}/36}/3/ 1137 1/37 $159) 155] 163 |/60)/65 |162 165 172 
ROOM TEMP 98} 98 | 90 |100/9! |93 994 |95 | 94/98 | 91 |95 |103] 96 | 95 499 95 102 
JOURNAL TEMP RISE} 72 | 93 |120|69 |105 |140| 70 |1/8 |/32 203109 11791227] 142 134 133 
BEARING TEMPRISE} 70 | 86 |115 | @% 68 | 110 }123 [55 |109 |169|207|109 1167 [2/2] 14! 134 130 
BOX TEMP RISE | 32 |40|44| 35 | 35 | 44] 47/38 $82 63] 7/ | 74 167/60 | 75|80| 70199 92 95 
MIN. OIL FILM IG | 13 | 1! 16} 12 [14 | 13] [20[ 15] 12 [14] 10 | 20 14 
muTiPLy By TEMP ANO TEMP RISE IN DEG. F 

* Load 16,375 lb; journal diameter 5.4385 in. Stabilized running conditions, 8-hr test runs. 


through the oil films, there is little change in appearance of the 
surfaces. Original scraped patterns are clearly visible indicating 
complete separation of bearing and journal during the tests. 
Scratches on the left or trailing side of bearing 95 seem somewhat 
more marked than in the other bearings. This would be expected 
since the film thickness of bearing 95 was less because of its shorter 
bearing are. Results of the tests are given in Table 1. 

(b) Broached Bearings. Upon completion of the fitted-bear- 
ing tests the bearings were broached to 5"/y in. diam. To 
identify the broached bearings the letter A was added to the 
bearing number. The same shaft was used as in the previous 
tests, hence the diametral running clearance of the broached 
bearings was almost exactly #/3: in. The oil used was from the 
same source as in the previous tests. The bearings were first run 
bath-lubricated at 40, 80, and 100 mph, followed by pad- and 
waste-pack-lubricated runs at 40 and 80 mph. Test results are 
given in Table 2. 

Figs. 11, 12, and 13 show the bearings after the tests. Due to 
load concentration, a worn or crown area was found in the center 
ofeach bearing. The greater the difference between journal and 
bearing diameters, the shorter the arc of contact and the heavier 
the load concentration. When difference between journal and 
bearing diameters is appreciable, application of load causes local 


deformation of the bearing surfaces, possibly accompanied by 
plastic flow of the relatively soft bearing metal. Thus the line 
contact of cylindrical bearing surfaces of different radii is in- 
creased to contact over an appreciable area. If the bearing sur- 
faces are smooth and sufficient area is in contact, rotation of 
the journal introduces an oil film which separates bearing and 
journal and permits running without wear. If sufficient area is 
not in contact, wear will continue until the contact area is large 
enough to permit formation of a load-carrying film. Figs. 11, 12, 
and 13 show these effects. Under load but not running, intimate 
contact of the bearing surfaces occurred over an area somewhat 
less than is shown worn in the illustrations. Running under load, 
a greater area than that worn was effective in carrying the load. 
The circumferential scratches covering the worn areas were made 
by insoluble particles passing through the films. In general, the 
outline of the worn area is more distinct on the left than on the 
right. Journal rotation was from right to left and the oil film 
was thinner on the left or trailing side. 

Other things being equal, length of crown area in direction of 
motion depends on the stiffness of the back and the method of 
loading the bearing. With an absolutely rigid back, bearing area 
could be developed only by elasticity, wear, or flow of bearing sur- 
faces. In these tests the bearings showed no signs of plastic flow 
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when examined after the runs. The mean crown length of bear- 
ing 93-A was found to be 21 deg by planimeter measurements of 
tracings of worn area. Due to controlled points of loading which 
permit flexure in the circumferential direction, the mean crown 
length of bearing 94-A is 27!/. deg. Mean crown length of bear- 
ing 95-A is 17!/, deg due, no doubt, to the rigidity of its malle- 
able-iron back. Some area on either side of the worn crown proba- 
bly is effective in supporting load-carrying film. In the ab- 
sence of definite information it is assumed that this area is of the 
order of 20 per cent of the worn crown area. Hence, for calcula- 
tion, useful length of oil film has arbitrarily been taken as 25 deg 
for bearing 93-A, 32 deg for bearing 94-A, and 21 deg for bearing 
95-A. On this basis the same total load of 16,375 Ib gives unit 
loadings of 1625, 1270, and 19380 psi, respectively. 

The foregoing runs were repeated after rebroaching the bear- 
ings */s2 in. larger than a new shaft diameter of 5.406 in. In 
addition to the usual tests, runs were made, pad- and waste-pack- 
lubricated, at 100 mph. The rebroached bearings are designated 
by the letter B. Due to rebroaching, babbitt thickness was re- 
duced to about 4/3: in. and a porous spot appeared in the lining of 
bearing 93-B. Results were somewhat erratic with this bearing 
and are not included with the results of the other bearing tests 
given in Table 3. Comparison of Tables 2 and 3 shows operating 
temperatures of the A and B bearings in good agreement. 

Average results for the three fitted bearings and the five 
broached bearings are given in Table 4. Calculated bearing 
losses refer to the test bearing only. Calculation of these fric- 
tional power losses is necessary since this information cannot be 
found directly from the testing machine. For example, consider 
the fitted bearing running bath-lubricated at 40 mph. Under 
stable temperature conditions average power input to the motor 
Fic. 11 Broacnep A.A.R. Emercency Beartnc 93-A ArreR jg 1845 w, from Table 4. Curves are available giving power 

tows losses at various speeds and roller-bearing temperatures when the 
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TABLE3 RAILROAD-CAR 5!/: X 10 JOURNAL Nes, TO 5.498 IN. DIAMETER; DIAMETRAL CLEAR- 


SPEED 40 M.PH (373.6RPM) | GOMPH(747.2RPM) | 100 MPH. (934 RPM) 
BEARING 94-B 95-B 94-B 95-B 94-8 
LUBRICATION BATH] PAD pwasTE|BATH| PAD |wasTe| BATH | AAD |wasTe|BATH | |was7e|BATH] PAD IwasTE| BATH] PAD INASTE 


JOURNAL TEMP 166 | 199 |230 | 169 |205 |227 


264 | 326} 208 | 302 | 305 2/8 | 289} 353 |223 | 351 


BEARING TEMP 1@5 | 197 1228) 165 | 195 |216 4206 


26! | 205} 285 2/8 |284|349|220 | 33) 


BOX TEMP 139 [134 [144 | 130 | 147 | 159 |172 | 165 | 152 | 179 | 158 | 163 | 18) | 1851177 
ROLLER BRG. TEMP | 140 | 138 [134 | 135 [164 [165 | 158 F170 [172 [170 [171 1173 1173 
ROOM TEMP 89 | 96 | 93 | 93 | 90 | 86 | 93 | 94 | 97 | 93 | 92 | 89 | 95 | 97 | 88 | 94 | 97 | 88 


JOURNAL TEMP RISE 77 | 10! | 137 | 76 | 115 


170 {229} 1/5 | 2/6 123 | 192_| 265) 129 | 254 |308 


BEARING TEMP. RISE} 76 | 99 |135 | 72 | 105 | 126 


112 | 193 |2004%123 | /87 | 26! | 126 | 234 |287 


X TEMP RISE 50 |36 |35 | 5! | 40 38 | 78 


53 | 62 | 79 | 73 | 63 | 4 | Gi | 75 | &F | 88 | 89 


MOTOR /NPUT (WATTS}| 1869 | 1857] 1860 | 182! |1822|190742855 


2806 2976/2910 |3040) 300813299 |3295 |3649)|34 26) 3634 |38/G 


MIN. FILM(IN) @ 18.0 | 13.7 | 11.1 [15.5 [12.0 }10.3 919.7 


14.0 | 10.4 | 15.8 10.0} 9.7 $20.2] 13.9 | 10.7] 16.0] 9.1 | 8.1 


MULTIPLY By 


* Load 16,375 lb; journal diameter 5.406 in. Stabilized running conditio 


TEMP. ANO TEMP. RISE IN DEG. FE 


ns, 8-hr test runs. 


TABLE 4 AVERAGE OF TEST RESULTS FROM TABLES 1,2, AND 3; 5!/2 10 RAILROAD-CAR JOURNAL BEARINGS; FITTED 
AND BROACHED BEARINGS, BATH. PAD, AND WASTE-PACK LUBRICATED 
FITTED BEARINGS BROACHED BEARINGS 
SPEED 40 M.PH. 8O M.PH. |i00M 40 M.PH. 60 M.PH. 100 M.PH. 
LUBRICATION BATH | PAD IWASTE| BATH| PAD |WASTE| BATH ILBATH| PAD |WASTE| BATH! PAD |WASTE| BATH| PAD WASTE 


JOURNAL TEMP 169 | 201 | 232 | 229] 270 | 320 | 267 9169 | 20) | 226 | 2/0 | 272 | 3//_ | 229 | 320 | 375 


BEARING TEMP 168 


197 | 228 | 227 | 263| 3/2 | 264 f 167 | 196 | 220 | 208 | 264 | 302 | 228 | 308 | 362 


BOX TEMP 150 | 143 | 135 | 196 | 178 | /65 | 225 143 | /33 | 1/30 | 174 | /6/ | 160 | 188 | 172 |/70 


| ROLLER BRG. TEMP} 13! | 132 | 1361157 | | 166 |/ 


74 7136 | 136 | 137 | 160} 160| 165 | 170| 173 | 172 


[ROOM TEMP 91 | 90 | 92 | 92 | 90 | 92 


97 | 96 | 95 | 92 | 96 | 94 | 94 | :*97 | «97 | «88 


JOURNAL TEMPRISE || 78 | |140 | 137 | /80 | 1 


70 | 73 | 106 | 134 | 114 | 178 | 2/7 | 132 | 223 | 267 


BEARING TEMP RISE| 77 1/36 |/35 | 220] 1 


67 7/ | 1128 | 1i2 | 170 | 208] 131 | 2/1 |274 


BOX TEMP RISE 59 | 53 | 43 | 104 | 88 | 73 |/28 | 47 | 38 | 38 | 78 | G7 | 66 | 9! | 75 | 82 


OIL FILM VISCOSITY @ || 2.02} 1.24 |0.8/4 |0.82310.546}0.344/0. 


540} 2.07| 1.26 | 0.90} 1.06 |0.54} 0.37 | 0.81 |0.35|0.24 


MOTOR INPUT (WATTS)||1845 | 1865/1946 | 31/5 


2997} 3142 | 3965} 1808} 1806) 1868 | 2920) 2923| 2998) 3533 | 3465/3733 


* 
CALC. BRG. LOSS (H#) 110.242|0.189 10.173 |0.441| 0.332|0.274|0.548]] 0.190|0. 14910. 125 |0.387| 
LUBRICATOR LOSS (HP) 0.080|0.204 0.203 0.038}0.145 0.114)0.26! 0.070|0.487 
TOTAL BOX LOSS (H) 0.477|0.54880. 190}0. 187|0. 10.4850. 394)0.753 


® UNITS LB. SEC. PER SQ. /IN~MULTIPLY BY (10)-© 
x AVERAGE MoTOR INPUT PROBABLY LOW. 


machine is unloaded and no test bearing is in the box. According 
to these curves, 1238 w are required to run the machine when un- 
loaded. With no test-bearing load the roller bearings carry only 
the weight of the shaft, hence the 607 w difference between 
power input with and without test-bearing load represents fric- 
tion of the test bearing and dust guard, and added friction due to 
the test load on roller bearings and motor. By calculation, test- 
bearing friction was 0.242 hp or 181 w. This leaves 426-w loss 
due to dust-guard friction and load on roller bearings and motor. 
Since the total of these unknown losses is some 2'/, times the 
power loss of the test bearing, it is obvious that there is no hope of 
arriving at test-bearing power losses directly from motor input. 

It is possible, however, to estimate power losses due to pad and 
waste pack by assuming that at a given load, speed, and roller- 
bearing temperature, the machine losses will remain constant. 
With this assumption any difference in power input in the tests 
with bath, pad, and waste-pack lubrication can be attributed to 
Variation of friction in the box. From Table 4 the power input 


TEMP. ANO TEMP RISE IN OEG. F 


for the fitted bearing running bath-lubricated at 40 mph is 1845 
w. Calculated power loss is 0.242 hp at the bearing temperature 
of 168F. The same bearing, running pad-lubricated at the same 
speed, requires a power input of 1865 w. In the latter case 
calculated power loss for the bearing alone is 0.189 hp at the 
operating temperature of 197 F. Difference in box’loss between 
pad and bath lubrication is 1865 — 1845 = 20 w or 0.027 hp. 
Therefore total box loss is 0.242 + 0.027 = 0.269 hp, and since 
the power loss of the bearing alone is 0.189 hp, the difference, or 
0.080 hp, represents the power loss due to the pad. In like man- 
ner power loss in the waste-packed box at 40 mph is 0.173 hp for 
the bearing and 0.204 hp for the waste pack at the test tempera- 
ture of 228 F. 

Applying this reasoning to-the pad-lubricated fitted bearing at 
80 mph, it is found that the total power loss for bearing and pad 
is 0.049 hp less than the calculated loss for the bearing alone. 
Apparently, observed value of motor input is low. This is not 
the case, however, with the broached bearings, and since power 
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Fie. 15 Journat TEMPERATURE Rise WITH SPEED 
(51/2 X 10 bearings; load 16,375 lb; average room temperature 93 F.) 


losses of the lubricators do not depend on the bearings, the 
same pad loss would be expected with fitted and broached bear- 
ings. To arrive at pad and waste-pack power losses from the 
test results, lubricator losses in Table 4 are plotted in Fig. 14. 
Maximum departure of observed points from the curves repre- 
sents errors in average motor input of about 2 per cent. Since 
box losses are a relatively small part of motor input, small errors 
in power measurement are greatly magnified when computing 
total box loss. 


Discussion OF RESULTS 


Variation of journal temperature rise with speed is shown in 
Fig. 15, where the solid lines refer to the fitted bearings and 
broken lines to the broached bearings. Journal temperature rise 
in all cases is somewhat less with broached than with fitted bear- 
ings. Since friction losses of pad and waste pack are independent 
of the bearing, lower operating temperatures indicate that the 
broached bearing operates with less friction than the fitted bear- 
ing. Calculation also shows this to be true. Against this slight 
advantage in friction, however, the broached bearing has the seri- 
ous disadvantages of considerably less oil-film thickness and 
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higher unit loading due to its shorter angular length. Because 
of its thinner film the reserve load capacity of the broached bear- 
ing is much less than that of the fitted bearing. Greater film 
thickness and reserve load capacity are the real advantages of the 
fitted bearing. 

Maintenance of sufficient oil-film thickness is the deciding 
factor in successful bearing operation. When due to overload, 
overheating, or low speed, the oil film becomes thinner than the 
heights of the irregularities on the bearing surfaces, these high 
spots are no longer completely separated and metallic wear occurs. 
Wear may also be caused by particles in the oil too large to pass 
freely through the film. All wear is accompanied by temperature 
increase, and if heat is generated more rapidly than it can be 
dissipated the bearing eventually overheats and fails. If, how- 
ever, an oil film thick enough to separate the bearing surfaces 
completely can be maintained under all conditions, metallic wear 
will be eliminated and the bearing cannot fail. Factors tending 
to thick films are high viscosity, high speed, and low unit loading. 

In the absence of metallic contact, rate of heat generation de- 
pends on rate of oil-film shear. With a given load, rate of 
shear increases with speed, and heat thus generated reduces film 
viscosity. Operating temperatures will rise until the gradient 
between oil film and box is sufficient to dissipate the heat as rapidly 
as it is generated. This stable temperature may be so high 
that the increase in film thickness due to speed is more than offset 
by the decrease in thickness from reduced viscosity; and in that 
case, film thickness decreases with increasing speed. In these 
tests this decrease was more marked with the fitted than with the 
broached bearings, as shown by the curves of calculated oil-film 
thickness in Fig. 16. In service, higher speeds are accompanied 
by induced air currents which cool the box, thus maintaining 
lower operating temperatures and thicker oil films. 

Effect of speed and method of lubrication on frictional power 
loss are shown in Fig. 17, in which average curves are plotted for 
fitted and broached bearings, bath, pad, and waste-pack 
lubricated. Power losses in the box are made up of bearing and 
lubricator frictions. Dust-guard friction and losses due to oil 
churning are comparatively small and are neglected. In each 
graph the lower curve represents bearing friction calculated for 
the conditions of the test. With bath lubrication the only source 
of power loss in the box is the bearing itself, hence there is but one 
curve in the graphs for bath lubrication. With pad and waste- 
pack lubrication, however, friction losses due to the lubricators 
are added to the bearing friction. These additional losses are 
represented by the shaded areas in Fig. 17, superimposed on the 
curves for bearing friction. The upper curves then represent 
bearing and lubricator friction or the total friction of the box. 
With each of the three types of lubrication, mean power loss in 
the box averages 16 per cent greater with the fitted than with the 
broached bearing. This agrees with the lower-operating-tem- 
perature curves for the broached bearings shown in Fig. 15. 

From comparison of the shaded areas in Fig. 17, and from the 
curves in Fig. 14, it is interesting to note that the friction of the 
waste pack is 2.7 times the friction of the pad. Comparison of 
shaded and unshaded areas shows the waste-pack friction to be 

115 per cent of the bearing friction. Similarly, friction loss due 
to the pad is 37 per cent of the bearing friction. From this it 
appears that for all practical purposes the friction of the waste 
pack is about the same as the friction of the bearing, and the 
friction of the pad is approximately '/; that of the waste pack. 

In addition to the friction of pad and waste pack, the heat- 
insulating properties of these lubricators add considerably to the 
higher operating temperatures. This is clearly shown in Fig. 18, 
which gives average results for the three fitted bearings at 80 
mph. In each test curves were plotted from temperature read- 
ings around the longitudinal center line of the box after equi- 
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librium temperature had been reached. Mean tem- 
perature, found from each curve by planimeter, is listed 
in the tables as box temperature. Temperatures at the 
top of the box are little influenced by method of lubri- 
cation. Temperatures at sides and bottom, however, 
are greatly affected by the heat-transmission charac- 
teristics of the lubricator. When the bearing is bath- 
lubricated, agitation by the rotating journal facilitates 
transfer of heat from journal to box where it is dissipated 
to the atmosphere. In this case the oil is acting as a 
coolant as well as a lubricant. 

With pad lubrication there is some oil cooling of the 
journal but the bath is considerably less agitated due 
to-the presence of the pad, and heat transfer between 
journal and box is less efficient than with the bath. 
Rubbing of the pad on the journal adds to the heat gen- 
erated by the bearing and this, together with poorer 
heat-transfer characteristics from journal to box, ac- 
counts for the higher operating temperature. Because 
of the higher operating temperature, however, oil vis- 
cosity has dropped to the point where the sum of bear- 
ing and pad frictions is about the same as the friction 
of the bath-lubricated bearing. Since total friction is 
the same, the higher operating temperature of the pad- 
lubricated bearing must be due entirely to the heat- 
insulating characteristics of the pad. 


MINIMUM FILM THICKNESS (INCHES) 
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Fic. 17 VartaTIon oF FrictronaL Power Loss WITH SpeEep 
(51/1 X 10 bearings; load 16,375 lb.) 


The situation becomes more pronounced with the waste pack. 


In this case there is little, if any, cooling effect of the oil. Fric- 
tion between waste and journal is relatively high, and the pack 
acts as an effective heat insulator between journal and box, as 
shown by the lower box temperature rise. As temperature in- 
creases, rate of oil viscosity drop with temperature decreases and 
decrease in bearing friction becomes less rapid. The sum of 
waste-pack and bearing frictions becomes greater than with bath 
or pad lubrication, and temperature gradient between journal and 
box increases in order to dissipate the additional heat. Higher 
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Fie. 18 TEMPERATURE VARIATION AROUND LONGITUDINAL CEN- 
TER oF Box Wirs Bars, Pap, AND Waste-Pack LuBRICATION 


(51/2 X 10 fitted bearings at 80 mph; load 16,375 1b; average room tem- 
perature 91 F.) 


operating temperatures are undesirable, even when accompanied 
by reduced bearing friction, since film thickness and bearing 
safety are less at higher temperatures. 

_ Variation of box temperature rise with journal temperature 
rise is shown in Fig. 19, for the three methods of lubrication. 
With perfect heat transmission between journal and box ‘the 
temperatures would be the same at these points. This condition 
is represented by the dot and dash line A, the slope of which is 
unity. Slopes of the other curves show clearly the relative heat- 
insulating effects of the three methods of lubrication. From Fig. 
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Fig. 19 TEMPERATURE GRADIENTS BETWEEN 
JOURNAL AND Box 


(5'/: X 10 bearings; load 16,375 lb; average room 
temperature 93 F.) 


19 average temperature rise of the box is 72 per cent of the 
temperature rise of the journal with bath lubrication, 42 per cent 
with pad, and 30 per cent with waste pack. The importance of 
this relationship in maintaining cool bearings is obvious. 

Friction losses given in Fig. 17 are readily converted into 
drawbar resistance. Variation of drawbar resistance with speed 
is given in Fig. 20 for the fitted and broached bearings, bath, 
pad, and waste-pack lubricated. Resistance is expressed in 
pounds per ton carried by the bearing and, as usual, speed is given 
in miles per hour. A 36-in-diam wheel is assumed. Since fric- 
tional power losses with bath and pad lubrication are closely 
alike, drawbar resistance is also nearly the same. Due to higher 
power losses with the waste-packed bearings, average drawbar 
resistance is about '/; greater than with the other two methods of 


lubrication. 
CoNCLUSIONS 


Fitted and broached bearings have been tested at 40, 80, and 
100 mph. Data at 20 and 60 mph would have been useful in 
plotting the curves and for confirming results at the other speeds. 
On the basis of our present information, however, the following 


conclusions appear warranted: 


1 Pad and waste pack are capable of supplying sufficient oil 
to maintain complete fluid-film lubrication at speeds at least as 
high as 100 mph. a | 

2 The railway-car bearing is capable of carrying its maximum 
load without failure at temperatures at least as high as 375 F. 

3 Operating temperatures and frictional power losses are 
somewhat less with the broached than with the fitted bearing. 
These advantages are offset by the fact that under similar operat- 
ing conditions the oil-film thickness of the broached bearing 
averages only '/; that of the fitted bearing. Hence the broached 
bearing has less reserve load capacity and safety. 

4 Ina waste-pack-lubricated box, friction of the waste pack 
is approximately the same as the friction of the bearing. 

5 Friction of the pad used in these tests is about '/; that 
of the waste pack. ite 

6 Total friction with bath and pad lubrication are nearly the 


same, due to the higher operating temperature caused by the pad. 
7 ‘Total friction with waste-pack lubrication is higher than 


with bath or pad despite the higher operating temperatures due 
to the friction and blanketing effect of the waste pack. 

8 Because of its lower operating temperature the bath- 
lubricated bearing has greater oil-film thickness, hence greater 
reserve load capacity and safety. This is particularly important 
at high speeds. 

9 Frictional power loss and drawbar resistance of the waste- 
pack-lubricated bearing are approximately '/; greater than with 
bath or pad lubrication. 

10 Method of lubrication has a profound effect on the heat- 
dissipation characteristics of the box and the temperature 
gradient between journal and box. 


From the foregoing discussion and conclusions it is clear that 
the crown, or useful load-carrying area of the bearing, should be 
as large as possible since it results in reduced unit load, increased 
film thickness, and less wear. It would be interesting to check 
these conclusions in actual service on a car or tender making con- 
siderable mileage per month. The same type bearing could be 
applied to all journals. One half should be fitted and the other 
half broached. Wheels, axles, and trucks should be in good condi- 
tion so that the test would not be terminated by bearing end wear 
or broken collars. Periodic inspections:and careful measure- 
ments of wear should give some interesting and impressive in- 
formation on bearing reliability and life. 
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Discussion 


P. G. Exune.‘ The writer is particularly ‘interested in this 
paper because of some work of a similar nature carried out at the 
laboratories of the Gulf Research & Development Company dur- 
ing 1942. Astandard A.A.R.,5 X 9 journal and bearing was used 
for a series of tests to compare the performance of a bearing 
having a normal diametral clearance of !/,,in. with that of a bear- 
ing having 0.005 in. clearance. The load, 30,000 lb, was above 
normal, while the speed range was equivalent to 2!/; to 30 mph on 
a 36-in. wheel. 

Measurements were not made of the coefficient of friction, but 
the bearing temperatures indicated a qualitative agreement with 
tlie data reported by the author. 

It was noted that after a period of operation at 30 mph, the 
standard-clearance bearing would often show signs of distress 
when the speed was reduced to 2!/; to 5 mph. This did not 
occur with the 0.005-in-clearance bearings, indicating a higher 
factor of safety. The standard-clearance bearing also took a 
longer time to accommodate itself to a reversal of the direction 
of rotation even though it had been well run-in in the forward 
direction. In this respect, the low-clearance bearing behaved as 
one which had been well run-in for both directions of rotation. 

The test journal was mounted substantially the same as the 
Pearce machine, in that it was supported by a spherical roller 
bearing at the wheel seat. This bearing was cooled by ad- 
justing the temperature of the stream of oil pumped through 
it. It was found that changes in the temperature of this bear- 
ing could influence the temperature of the test bearing. It 
seems evident that the wheels of a railroad car can act as cool- 
ing fins and dissipate an important fraction of the heat developed 
in the oil film. 

The author’s results and those of the writer suggest that a prop- 
erly designed railroad bearing with bath or oil-ring lubrication 
and having adequate protection against oil loss and tampering 
would provide trouble-free performance with less maintenance 
than the present bearings. 


M. D. Hersey.® This report not only tells how the problem of 
conservation of bronze and babbitt was solved, but offers in 
connection therewith a large amount of carefully checked informa- 
tion on the design and performance of railroad-car bearings. Of 
special interest is the use made of the theory of lubrication to 
calculate the “all-important” minimum oil-film thickness, and 
also the friction loss, with the aid of actual temperature measure- 
ments. 

Might it not add to the permanent value of this record if the 
author would refer to the formulas or curves used for these cal- 
culations? The necessary procedure is not entirely obvious to 
the writer, and doubtless many other students of lubrication 
would appreciate an outline of the steps in a completely worked 
example. 


J. R. Jacxson.* It was the writer’s privilege to be associated 
with the author during the test program treated in this paper. 
The data made available through this research constitute a 
distinct contribution to the knowledge of railroad-car journal- 
bearing design and lubrication. Furthermore they indicate the 
direction for the betterment of the journal-box assembly of the 
future by utilizing more completely the advantages which an 


‘Section Engineer, Gulf Research & Development Company, 
Pittsburgh, Pa. Mem. A.S.M.E. 

* Research Associate in Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Fellow A.S.M.E. 

ee of Tests, Missouri Pacific Lines, St. Louis, Mo. Mem. 
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oil-lubricated solid-type bearing has over the present conven- 
tional waste-pack journal box. 

It is perhaps difficult to understand why the present conven- 
tional design of railway-car journal-box assembly has been re- 
tained down through the years, and why advantage has not been 
taken of advances in the art of bearing lubrication to replace the 
waste-pack originally used and continued without essential 
change on the American railroads for a hundred years. The an- 
swer is simplicity and reliability together with long-established 
standards and practices of operating cars in interchange service, 
and the relatively large number of units in use. 

It probably should be stated that the simple expedient of 
removing the waste pack and filling the bottom of the journal 
box with oil, as was done during the laboratory tests, would not 
work out in service because the oil could not be retained in the 
box. Bath or flood lubrication would necessitate a redesign of 
the conventional box to insure oil retention. This question of oil 
retention in the conventional journal box is also pertinent, in 
lesser degree, to some forms of pads or wick-type lubricators 
which have had limited service trials on railway equipment in this 
country. Completely redesigned journal-box assemblies, em- 
ploying flood lubrication and other refinements, including provi- 
sion for oil retention, have been developed and used in consider- 
able numbers on some roads on equipment operated in on-line 
service. These have not found sufficient favor to be considered 
for adoption as standard in interchange freight service. 

The increasing use of roller bearings for passenger equipment 
and their development for freight equipment will no doubt result 
in a reconsideration of the design, service, and economics of rail- 
way-car journal bearings in the immediate future. It is felt that 
this paper is a distinct contribution to the literature on this sub- 
ject, and that a similar line of investigation of the roller bearing 
for railway equipment should be carried out. 


L. B. Jongs.? In studying this report it should be borne in 
mind that the comparison between broached and fitted bearings 
was made with broached bearings which were just “starting out,’’ 
so to speak. In other words, in actual service the broached bear- 
ing will continue to enlarge its contact area until it approaches the 
condition of the fitted bearing, with resultant improvement in 
oil-film condition. 

While the tests were run mainly to determine oil-film condi- 
tions, it will be of interest to railroad men to note that the A.A.R. 
standard journal lining gave a good account of itself, and nothing 
developed in the test to indicate the necessity for a change in its 
composition. 

The two principal indictments of the time-honored waste pack, 
pointed out by Mr. Pearce in his comments on this paper, are again 
high-lighted in this report. The actual friction of the waste pack 
is equal to, or greater than, the bearing friction; and it also acts as 
a thermal insulator to discourage radiation of heat from the 
journal. 

The drawbar resistance in pounds per ton due to the friction 
load on the journal, as indicated in Fig. 20 of the paper, shows that 
the journal friction is a relatively small part of the total resistance 
of loaded freight cars on level track, as determined by dyna- 
mometer tests. It therefore appears that improvements in jour- 
nal-box performance will pay their largest dividends in hot-box 
insurance rather than in decreasing the rolling resistance of the 
train. 


F. K. Mrrcwe.u.’ The author prefaces his remarks on the his- 


7 Engineer of Tests, The Pennsylvania Railroad, Altoona, Pa. 
Mem. A.S.M.E. 

* Assistant General Superintendent of Motive Power and Rolling 
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tory of the improvements on railway-car bearings by the state- 
ment, “‘Despite the importance of the railway-car bearing and the 
great number replaced annually, little effort has been made to 
improve its performance.” If he intended to say by that remark 
that the bearing itself had undergone very little improvement 
prior to the war period, his statement is unquestionably true, but 
the insinuation that little effort has been made to improve the per- 
formance of the bearing cannot be substantiated. Over the 
years, journal boxes, dust guards, wedges, and other related parts 
used in the assembly, of which the journal bearing is a part, have 
been subjected to a great deal of experimentation, and many impor- 
tant facts have been learned thereby, and certain very productive 
changes worked out and put into practice. 

It is essentially true that the most extensive changes in the 
bearing itself have come about since the beginning of the war, 
and are children of necessity. These changes involved not only 
the bearing but also the lining and were promulgated through the 
necessity of minimizing the amount of critical materials re- 
quired to produce a bearing of a certain size. As to the lining, the 
efforts in this respect have been confined generally to reducing its 
thickness and to producing a lining made of substitute material, 
both in order to save babbitt. It is generally conceded that the 
reduction in the thickness of the lining accomplished the required 
end. Substitute lining described by the author as a metal com- 
posed almost entirely of lead, alkali-earth-hardened, has not been 
entirely satisfactory, which fact cannot be discounted. On the 
other hand, the results so far obtained in the use of such a lining 
certainly do not warrant the complete discarding of the idea of its 
use. On the contrary, it is evident from the experience to date 
that further experimentation and development of such a lining 
offer worth-while possibilities. 

The second series of major changes in the bearing itself, made 
to reduce the amount of critical material in the bearing back, has 
been enlightening, and also seems to be producing the desired 
results. There are still some features in connection with the 
various redesigned backs which have been offered for this purpose 
that need further study. These studies will no doubt be under- 
taken by the committee, of which the author is a member, in due 
time. Further comment in this regard will be made later. 

It is unfortunate that the laboratory test equipment which was 
used to make the study under discussion does not duplicate in a 
practical manner the actual service conditions to which bearings 
are, in fact, subjected. It will be noted that the bearings were 
subjected to a constant uniform load of 16,375 lb. In actual 
service the load, of course, varies. Furthermore, in actual serv- 
ice the bearing is subjected to severe vertical and longitudinal 
shocks which the test equipment as used was unable to duplicate. 
This, it is felt, in itself materially affects the practicability of the 
information developed. It is pointed out by the author, under 
‘Discussion of Results,” ‘maintenance of sufficient oil-film thick- 
ness is the deciding factor in successful bearing operation.” 
Therefore it would-appear quite evident that the maintaining of 
such an oil film under the conditions imposed by the test appara- 
tus is an entirely different problem from that which is found in 
actual service where, even under normal conditions, the bearing 
is constantly being disturbed by vertical shocks originating from 
uneven rail joints, etc., and longitudinal shocks arising from 
brake applications, slack action, etc. 

While discussing the matter from the point of view of oil film, 
it should also be understood that with the laboratory test equip- 
ment used in these experiments, the journal being the driving 
instead of the driven element, the greater bearing clearance oc- 
curs on the rising side of the journal, whereas in actual practice 
the journal is driven by the bearing and the greater clearance is 
on the opposite side of the bearing. Hence under laboratory 

conditions the oil film produced by any method of lubrication, 
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under circumstances of actual usage where the clearance is the 
minimum on the rising side of the journal. 

These facts in themselves make questionable the acceptability 
of some of the results obtained in this series of tests. They cer- 
tainly do so to the point of discrediting the definite conclusion 
that “pad and waste pack are capable of supplying sufficient oil 
to maintain complete fluid-film lubrication at speeds at least as 


‘high as 100 mph, and that ‘the railway-car bearing is capable of 


carrying its maximum load without failure at temperatures at 
least as high as 375 F.” Here it might also be noted that because 
many failures of bearings result from causes other than heat gen- 
erated, the design of the back is an important factor, and unless it 
is shown that the back, however physically composed, is not only 
so designed as to distribute uniformiy the load over the bearing 
area, but also is of such strength as to prevent breakage, then it 
cannot be concluded that the railway-car bearings tested were 
capable of carrying their maximum load without failure; this re- 
gardless of temperature. It is quite obvious that no failures from 
causes other than heating would be expected when the tests were 
conducted with the laboratory equipment which was used in these 
experiments, and the answer to this question was not obtained 
for any of the bearings under test. 

It might also be said in passing that in the observation regard- 
ing heat transfer from the bearing to the related parts of the 
bearing-and-box assembly two confusing statements are incor- 
porated in the report. The first is that the depressed-back (E. S. 
Pearce patent) bearing applies the load near the ends of the bear- 
ing instead of at random. Actually, this bearing applies the 
load over all but the one third of the area in the center. The ap- 
plication of the load near the extreme ends of the bearing has long 
since been proved to be mechanically incorrect. It is further 
stated that the back of the so-called ‘“‘depressed-back bearing” 
is now machined. It will be found on check of the records that 
only a few railroads actually machine the back of the so-called 
“‘depressed-back bearing”’ for bearings used in passenger service, 
and that generally no roads are machining the depressed-back 
bearing used in freight service. 

As to the transfer of heat, because of the greater contact area 
and therefore the improved heat transfer to the wedge, it will 
be interesting to note that bearings 93 and 95 have the large 
back area referred to, whereas bearing 94 has only four small 
bearing areas, nowhere comparable to that offered by bearings 93 
and 95, yet the tests show that bearing 94 produced journal-tem- 
perature, bearing-temperature, and box-temperature rises at 
various speeds which generally lay between that of bearings 93 
and 95. No explanation for this fact either in the case of the 
fitted bearing or the broached bearing is offered. 

Regarding the question of whether or not the broached and 
unfitted bearing is more satisfagtory than the broached and fitted 
bearing: The author concludes, and the data developed indicate, 
that better results can be expected from a fitted bearing. While 
this is interesting, and no doubt true, it has no practical value for 
the reason that the expense and delay involved in fitting the 
bearing, particularly to freight cars, would in no wise be offset by 
the results obtained. 

The data developed and conclusions reached in connection with 
the relative values of bath, pad, and waste lubricating systems 
would indicate that the committee has concluded from the re- 
sults obtained that waste-packed lubrication is less satisfactory 
than pad lubrication and bath lubrication. This is no doubt true 
if it were not for the practical side of the problem. Certainly bath 
lubrication is a far cry from being practical at present. Pad lub- 
rication is more or less in its infancy and offers considerable possi- 
bilities, yet, at the moment, the writer knows of no practical 
means of avoiding excessive loss of lubricant in the present freight- 
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car box assembly where either bath or pad lubrication is used. 
Here again a factor arises which the test equipment used by the 
committee does not bring out. The entire matter does emphasize 
the necessity for further experimentation and development along 
the desirable lines indicated by the tests. 

As to the effect on drawbar resistance, neither the data having 
to do with the friction of the broached or unbroached bearing nor 
pad nor waste-packed boxes are of much practical value. 

It is worthy of note that speeds for use in connection with these 
experiments (40, 80, and 100 mph) were selected. While 40 mph 
represents pretty closely the present freight-train movement, the 
immediate future no doubt will mean speeds for freight-train 
movement between the figures of 40 and 80, throughout which 
range the report is silent as to what might be expected. The au- 
thor comments on this fact in his conclusions. It is regrettable 
that data were not also secured for speeds of 50, 60, and 70 mph. 

While as previously indicated, the data submitted in this re- 
port are interesting, although in a great many respects somewhat 
impractical, it is respectfully suggested that either test equipment 
which will more closely simulate actual operational conditions 
should be designed and used for such a series of experiments, or 
final conclusions should be based on actual experience in the field. 


E.S. Pearce.® On certain phases of railroad journal operation 
this paper sets out most clearly two points of general and prac- 
tical interest: 


1 The very low power loss chargeable to the conventional 
journal-box assembly. 

Power loss in journal friction as a factor in total train resist- 
ance is a particularly timely subject, as the railroads are con- 
templating operation at higher maximum and higher average 
speeds. The values given by the author cast considerable doubt 
on the advisability of substitution of roller bearings for solid 
bearings as a matter of sound economics. 

2 The separation of the power loss between bearing and lubei- 
cating medium. 


To those confronted with the everyday problems of journal 
operation, the significance of packing friction losses relative to 
those of the bearing alone will be of considerable practical interest. 

Analyzing the author’s paper in the light of the two major dis- 
closures, obviously, much of constructive value to the railroads in 
the operation of a conventional journal-box assembly would re- 
sult from a further exploration of this subject through a lower 
range of speeds and temperatures in combination with various 
methods of lubrication, lubricants, and bearing construction now 
available. 

The accepted formula for calculating freight-car resistance on 
straight level track is! 

0.00054 V? 


wn 


R= 


Fig. 21 of this discussion has been superimposed upon the au- 
thor’s Fig. 20 demonstrating what a small portion of total resist- 
ance can be charged to journal friction at the load and speeds used 
in the paper. 

The values given by the author for power losses are roughly 
one tenth of that given by the first two terms of Equation [1] of 
this discussion. 

Journal operating temperatures in this paper are at a level 
much higher than the generally accepted limit for safe perform- 
ance in service. This is due in large part to operation in the still 


* President, Railway Service and Supply Corporation, Indianapo- 
Ind. Mem. A.S.M.E. 
“The Steam Locomotive,” by R. P. Johnson, Simmons-Boardman 
Publishing Corporation, New York, N. Y., 1944, p. 184. 
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air of the laboratory. Pearce!! shows the magnitude of this dif- 
ference at lower speeds than covered in this paper. 

Another contributing factor to the high temperature obtained 
with the waste pack was the use of “‘oven-dried”’ waste as so des- 
ignated by the author. In investigations of this kind, in the in- 
terest of accurate duplication of results, oven-drying of waste is 
done to offset the variation in moisture content and the effect on 
temperature which would otherwise exist between various sam- 
ples of waste. In preparing the waste for test purposes it is 
dried at a temperature of 220 F. The effect of this drying upon 
operating temperatures is shown in Fig. 22 of this discussion. 

The contribution of the lubricating medium to the total power 
loss of the bearing assembly has never been fully appreciated. 
The placing of a waste pack in a journal box is very similar to the 
installation of an opposed bearing, as there is an upward pressure 
of the waste pack against the lower half of the journal. Fig. 23 
shows how this contributes to the elevation of the running tem- 
perature as the amount of packing at the same oil-waste ratio, is 
varied in the same journal box. 

To verify the power losses of the lubricating medium, as shown 
in Fig. 14 of the paper, a study was made of the reduction in power 
input to the driving motor by the momentary lowering of 
the lubricating medium from contact with the lower half of the 
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journal. This was accomplished by the use of the bearing de- 
scribed by Pearce!” as bearing No. 18, this bearing being capa- 
ble of operation for sustained periods on the stored oil. This 
time interval was quite adequate to take the necessary instru- 
ment readings. The box used was split on its horizontal center 
line and mounted on a jack so that it could be quickly lowered 
and again raised. Results are shown in Fig. 24 of this discus- 
sion, and comparison with the author’s Fig. 14 indicates that 
the calculated loss of the lubricating medium is in good general 
agreement with the experimental findings. 


R. J. SaormaKker." In connection with the results obtained 
with pad lubrication reported in this paper, we may state that 
one of the major trunk-line railroads of this country has been us- 
ing pad lubrication (Magnus type) very successfully for a number 
of years past in connection with oil lubrication of driving-box 
brasses of main passenger and freight power, also on main-line 
passenger cars, locomotive tender, and locomotive truck and 
trailer brasses. 

By the use of pad lubrication, considerable economy of opera- 
tion has been accomplished as shown by reduction in the number 
of hotboxes, increased service life of bearings, and corelated 
parts, reduction in friction, ete., as compared with results ob- 
tained with conventional lubrication formerly used. 

With regard to the economy of materials accomplished in the 
tests of new types of bearings reported in the paper, the author 
states, “Since there appears to be no satisfactory substitute for 


12 “Locomotive and Car Journal Lubrication,’’ by E. S. Pearce, 
Trans. A.S.M.E., vol. 58, 1936, pp. 37-45. 
13 Magnus Metal Corporation, Chicago, Ill. 


TABLE 5 DEGREES BRINELL HARDNESS OF VARIOUS 
BEARING METALS 


(500 kg load) 


Tin-base A.A.R. 
babbitt babbitt 


* Indicates metal too soft to measure hardness using 500-kg load. 


TABLE 6 COMPRESSIVE STRENGTH OF VARIOUS BEARING 
METALS 


(Pounds per square inch; 25 per cent deformation) 
Tin-base A.A.R. Antimonial 
babbitt babbitt lead 


* Metal too soft to determine compressive strength due to excessive 
deformation. 
babbitt, reduction in quantity is the only open course.” The 
author further states that in redesigning the prewar type of jour- 
nal bearing, the babbitt metal was reduced 50 per cent in weight, 
or in other words, reducing the lining metal from '/, to !/z-in. 
thickness, as was done in the A.A.R. emergency-type bearing used 
in the early years of the war. However, in view of the unsatis- 
factory performance in service of this !/s-in. lining, the babbitt 
metal was later restored to its original '/,-in. thickness, as now 
used by the railroads in the present type of A.A.R. emergency 
journal bearing. 

With regard to a satisfactory substitute for babbitt metal, we 
may mention that our company developed and put on the market 
a number of years ago an alkali-earth-hardened lining metal for 


‘bearings known as “‘Satco’’ metal, which is having widespread and 


successful use as a substitute for lead- and tin-base babbitts, block 
tin, etc., in various types of railway and other bearings. 

This metal is a lead-base alloy containing from 95 to 98 per cent 
lead ‘with the balance calcium, tin, and other hardeners. It con- 
tains no antimony or copper. During the late war great econo- 
mies were effected by the use of Satco bearing metal in vital 
materials such as tin, copper, antimony, etc. 

Satco metal has a melting point approximately 150 F higher 
than that of babbitt metals with a correspondingly greater 
hardness at elevated temperatures. Tables 5 and 6 of this dis- 
cussion show comparative physical properties of Satco metal, 
A.A.R. babbitt, tin-base babbitt and antimonial lead at normal 
and elevated temperatures. 

Because of its greater heat resistance Satco-lined bearings per- 
form satisfactorily at temperatures which cause failure by melting 
in babbitt-lined bearings, consequently the alloy is more resist- 
ant to “waste grabs” which are a frequent cause of failure in 
railway bearings. 

In addition to the various types of railway-car and locomotive 
bearings, Satco metal is also used as a lining in main and con- 
necting-rod bearings and motor-support bearings of Diesel en- 
gines. The successful performance of the alloy in this service 
has been reported by L. M. Tichvinsky." 

The author further reports that the lining metal in the ‘‘mag- 
nus special” bearing tested by the committee showed indications 
of corrosion during the 80-mph schedule. In this connection we 
wish to state from our experience with Satco-lined bearings, that 
corrosion is the exception rather than the rule. In the railway 
field particularly, corrosion of Satco linings is of rare occurrence. 

Under certain conditions, however, particularly with lubricat- 
ing oils which are compounded with free fatty acids, all types of 
lining metals regardless of their composition will corrode to some 
extent. 


14 Diesel-Engine Bearings,” by L. M. Tichvinsky, Mechanical 
Engineering, vol. 67, 1945, pp. 297-308. 
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NEEDS—TESTS OF OIL-FILM JOURNAL BEARINGS FOR RAILROAD CARS 


AuUTHOR’s CLOSURE 


The discussion has brought to light some additional experi- 
mental work on the subject. It is hoped that Mr. Exline plans 
to publish the results of the railway-car journal bearing studies 
conducted in the laboratories of the Gulf Research and Develop- 
ment Company. 

Data on lubricator power losses furnished by Mr. Pearce are 
most interesting inasmuch as they check the results given in the 
paper by an entirely independent method. With waste-pack 
lubrication, Fig. 24 shows the losses somewhat greater than the 
author’s Fig. 14. Losses with the pad are in close agreement. 
Mr. Pearce’s direct method of obtaining his data is probably 
somewhat more accurate than the author’s indirect approach. 
The results, however, are in good agreement as has been pointed 
out, and may be said to verify some of the conclusions reached in 
the paper. Mr. Jones’s comment that journal friction is a rela- 
tively small part of the total car resistance is well illustrated in 
Fig. 21. 

Detailed procedure in the calculation of bearing oil-film thick- 
ness and friction, referred to by Mr. Hersey, was purposely 
omitted to reduce the length of the text. Basie data for these 
calculations will be found in previously published papers by 
Kingsbury! and Needs. 

The test results bring out the very interesting fact that despite 
the relatively large clearances of the railway journal bearing, 
clearances far beyond those permitted in other machinery, the 
bearing friction is slightly less than with the more normal clear- 
ances obtained by running the fitted bearings at operating tem- 
peratures. In other words, it appears that the friction of the 
bearing itself is about as low as can be expected and improve- 
ment can be hoped for only through method of lubrication. In 
this respect, statements by Mr. Jackson and Mr. Shoemaker that 
some of the railroads of this country have been using flood and 
pad lubrication for a number of years are significant. 

A comparison of the test results given in the paper with similar 
data on roller bearings for railroad equipment as suggested by 
Mr. Jackson would be very interesting indeed and it is hoped 
that the Committee will be able to release such information in the 
not too distant future. 

Mr. Shoemaker’s data on variation of bearing-lining hardness 
with temperature are particularly interesting. From the fact 
that bearing 95-B carried a load of 1930 psi at 375 F with “A.A.R. 
babbitt” there appears to be ample babbitt hardness safety 
factor when operating at the usual loads and temperatures en- 
countered in service. 

That part of the discussion which is critical stresses the fact 
that a bearing under test in the laboratory is not meeting actual 


18 “Optimum Conditions in Journal Bearings,"’ by A. Kingsbury, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-7, pp. 123-148. 

16 “Effects of Side Leakage in 120-Degree Centrally Supported 
Journal Bearings,” by 8. J. Needs, Trans. A.S.M.E., vol. 56, 1934, 
paper APM-56-16, pp. 721-732. 
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service conditions, and for this reason the test results are not of 
practical nature. When planning the tests the difference be- 
tween laboratory and service conditions was realized. For 
example, it was not expected that the machine in which the tests 
were run would give any information on the ability of the bearing 
to withstand collar cracking forces. Such information is readily 
obtained by placing the bearing in service. The main objects 
of the laboratory tests were to investigate bearing friction and 
method of lubrication under steady comparable conditions and to 
compare these characteristics with those of the fitted bearing on 
the assumption that the fitted bearing was the best obtainable 
for the service. Since all successful bearings in actual service 
operate by virtue of their oil films, comparisons under comparable 
conditions of various methods of feeding these oil films are entirely 
valid, hence practical, regardless of whether the data are accu- 
mulated in the laboratory or on the railroad. In order to make 
the tests comparable they had to be run under steady conditions 
and since there are very few stretches of track where a train can 
run 80 or 100 mph for eight consecutive hours, the difficulty of 
obtaining our data from service is apparent. In some respects the 
conditions of the laboratory tests were more severe than the bear- 
ing would meet in service. Proof of this is the fact that every 
bearing surviving the laboratory test gave a good account of it- 
self in service. 

One or two other points raised by Mr. Mitchell can be answered 
more specifically. It is quite true that in a railroad car the two 
opposite bearings push the axle and wheels along. The hori- 
zontal component of the load which provides this force is essen- 
tially small as compared with the vertical component due to the 
weight of the car and its load. However small the horizontal 
load may be it does cause the bearing center line to lead the 
journal center. This, however, has no effect whatever on forma- 
tion of the oil film. Only the converging portion of the oil film 
can possibly generate positive load-carrying pressures. In the 
testing machine the load-carrying area is in the center of the bear- 
ing as shown in Figs. 11, 12, and 13. Because the bearing must 
carry the axle and wheels along in actual service the load-carrying 
bearing area will be shifted from the center a very slight distance 
opposite the direction of rotation. Under comparable operating 
conditions the films will be exactly the same otherwise. 

Regarding heat transfer from bearing to wedge, the test results 
seem to indicate that the smaller contact area of bearing 94 is not 
a matter of concern. As Mr. Mitchell has pointed out, the oper- 
ating temperatures of bearing 94 are much the same as the tem- — 
peratures of the other two bearings under the same operating 
conditions, This would be expected inasmuch as friction is ap- 
proximately the same with each of the three bearings. It will be 
noted from the tables, however, that the temperatures of bearings 
93 and 95 are generally several degrees lower than the journal. 
With bearing 94 this difference is only a degree or so, the smaller 
difference being due to less contact area between bearing and 
wedge. 
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Dimethyl-Silicone-Polymer Fluids and Their 


Performance Characteristics in Unilater- 


ally Loaded Journal Bearings 


This investigation concerns the practicability of using 
the dimethyl silicone polymer fluids as lubricants in uni- 
laterally loaded journal-bearing machines. A specially 
designed bearing machine was used having forced-feed 
lubrication up to pressures of 26 psi. It was operated at a 
speed of 1725 rpm, and the oil-sump temperatures varied 
from 115 to 130 F, while the bearing temperatures 
varied from 150 to 240 F. Plain or chrome-plated high- 
carbon-steel shafts were used in conjunction with bearings 
of copper-lead, bronze, tin-base babbitt, cast iron, com- 
mercial brass, aluminum (17S), copper and Alfin metal. 
Cast-iron or steel bearings used in conjunction with steel 
journals were entirely unsatisfactory when lubricated with 
the silicone fluid. All of the nonferrous bearings per- 
formed satisfactorily with the silicone fluid. It was found 
that an organic silicon-containing film was formed dur- 
ing the long, slow, break-in process. The need for sucha 
long break-in could be eliminated by the application of a 
technique of pretreating or lacquering the bearings with 
silicone oil before assembling the test machine. The 
method of pretreatment is described briefly. It was also 
discovered that such pretreated bearings were able to 
carry much higher than normal loads when operated in 
contact with petroleum lubricating oil. 


INTRODUCTION 


HIS is part of a larger investigation made by the Naval 
Research Laboratory during the war at the request of the 
Bureau of Ships. It concerns the physical and chemical 
properties of the silicone polymer fluids (or polyorganosiloxanes) 
and their application to, and development for, naval lubrication 
problems. As the dimethyl silicone polymer fluids have the 
smallest temperature coefficients of viscosity of any of the avail- 
able silicones (or of any other known pure liquids in the viscosity 
range of lubricants), and as they are especially stable to oxidative 
decomposition, they have been the most thoroughly studied, and 
they alone are discussed here. 
The dimethyl silicone fluids are included among the various 
new silicones developed and manufactured by both the Dow 
Corning Corporation and the General Electric Company and are 


! The opinions or assertions contained in this paper are the authors’ 
and are not to be construed as official or reflecting the views of the 
Navy Department. 
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now commercially available from each supplier under his own 
trade name.®& At the start of this investigation only one 
manufacturer was in commercial production and able to supply 
large enough quantities of the desired fluid; hence all the data 
given here relate to several large batches of a well-reproduced 
fluid made by the Dow Corning Corporation. 

Comparisons with the latest available and comparable grades 
of dimethyl! silicone polymer fluids manufactured by*both pro- 
ducers showed them to behave identically as lubricants. The 
fluid used here was specially stripped of volatiles, making it non- 
inflammable to incendiary fire. It was identified by the pro- 
ducer as Dow Corning fluid, series 500, batch 369-62-69, and its 
viscosity-temperature characteristics are summarized as follows: 


Kinematic viscosity, 


Temperature, deg F centipoises 
210 29.8 
130 55.6 
100 73.5 
0 75.0 
—20 390.0 
—10 600.0 


Prior to the investigation of this laboratory all of the lubrica- 
tion tests reported by the producers and by the numerous other 
laboratories having access to these fluids had led to the conclu- 
sion that the silicones were poor lubricants. However, these 
fluids were considered so promising in other respects and the need 
for low- and high-temperature lubricants and noninflammable 
hydraulic fluids was so great that it was deemed unsound to drop 
them from consideration on the basis of the usual quick tests for 
load-carrying capacity. 

After some search, a simple technique was found suitable for 
observing quickly some of the lubricating peculiarities of sili- 
cones. This is described in another paper.? Using this technique 
to separate the promising metal combinations from those ob- 
viously having no promise, it was found that whereas a number 
of nonferrous metals were suitable for bearings, steel or cast iron 
were uniquely unpromising. It was therefore decided to study 
these extreme types of metal combinations in both a bearing ma- 
chine and a hydraulic pump system. The results obtained in 
hydraulic systems are described elsewhere,’ while the first results 
obtained in bearing machines are reported here. 

Since the theoretically best understood and most common type 
of lubrication occurs in the unilaterally loaded journal-bearing 
machine, it was considered to be the appropriate machine for 
studying load-carrying capacity (or seizure load) as affected by ° 
the fluid, the break-in procedure, and the bearing composition. 
By going from light loads with full hydrodynamic conditions 


’“The Silicones—A New Plastics Family,’’ Plastics, vol. 2, 
January, 1945, pp. 112-115. 

6 “The Organo-Silicon Polymers,”’ by E. G. Rochow, Chemical and 
Engineering News, vol. 23, 1945, p. 612. 

7 “‘Dimethyl-Silicone-Polymer Fluids and Their Performance 
Characteristics in Hydraulic Systems,” by V. G. Fitzsimmons, 
D. L. Pickett, R. O. Militz, and W. A. Zisman, published on pages 
361-369, of this issue of the Transactions. 
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prevailing, to heavy loads with intermittent metallic contact, it 
was believed that important peculiarities of the fluid could be 
noted. It was necessary to design a special bearing machine for 
this work. 

Owing to the originally limited availability and high cost of 
the silicone fluid, this machine was of small capacity. Neverthe- 
less it was desirable to be able to employ commercially available 
insert bearings and to secure adequate freedom from shaft de- 
flections and bellmouthing of bearings, which meant that good 
bearing alignment and accurate boring and finishing of bearings 
were essential. Several models were built, the final one used for 
this investigation being shown in Figs. 1 to 4, inclusive. 

Due to the poor lubricating value of the silicones in steel-on- 
steel or steel-on-cast-iron sliding loaded surfaces, the forced-feed 
oil system of the machine had to be operated with a low-pressure 
low-flow-rate gear pump designed to avoid such loading. The 
machine used was equipped with a specially designed gear pump 
having bronze bearings. Later models of the machine were 
equipped with Pesco 1P-349N aviation gear pumps run at low 
speeds. 


EXPERIMENTAL EQUIPMENT AND METHODS 


Fig. 1 shows the bearing machine completely assembled with 
weights on the pan of the loading arm. Fig. 2 is a partial test 
assembly of the bearing machine revealing the placement of the 
bearings, journal, and thermocouple. Fig. 3 is an assembled 
view of the support bearings, test bearing, journal, and flinger. 
Fig. 4 is a view of the component parts of the test assembly 
shown in Fig. 3. 

The small motor A beneath the drain pan, Fig. 1, drives a special 
vertical, bronze, gear pump B. The pump isimmersed inits own 
reservoir C to minimize the volume of fluid needed. The high- 
pressure feed line extends from the side of the pump to the air- 
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craft-type Skinner filter D. One copper tube from the filter feeds 
the support bearings. This tube and its end connection to the 
support block are shown in Figs. 2, 3, and 4. Another copper 
tube from the filter goes to a needle valve and thence to a 
rotameter-type flowmeter E. The fluid pressure is measured at 
the outlet of the flowmeter. A coiled copper tube connects 
the flowmeter with the test-bearing holder F. The load on the 
bearing is applied through the long beam G and a secondary 
lever system that is connected to the test-bearing holder. 

The method of supplying the lubricant to the bearings is shown 
in Figs. 8 and 4. The flare fitting on the block H is connected 
to both support bearings by drilled holes. The small hole at the 
top of the test bearing J shown in Fig. 4, is the supply orifice for 
the lubricant. The test holder is drilled to connect the flare 
fitting and the bearing. A spring-loaded thermocouple is screwed 
into the bottom of the test-bearing holder at point K and contacts 
the outer surface of the test bearing. 

Plain bearings with one hole drilled top center (opposite 
loaded area) were used. The bore was 0.687 in. and the length 
of the bearing was !/.in. The bearing clearance (bore diameter 
minus journal diameter) was held to 0.0010 in. = 0.0001 in. A 
special boring technique, developed and made available to this 
laboratory by Russell Dayton of the Battelle Memorial In- 
stitute, was used to assure true cylindrical holes in the test bear- 
ing and support bearings. The journals were of chromium- 
plated high-carbon steel with the exception of that used in run N, 
in which case it was copper-plated steel. The bearings were 
pressed into the test-bearing holder and the support block. If 
rough-boring was necessary, it was accomplished before pressing 
the bearings into the holder and block. Finish-boring was 
accomplished in the lathe in a special fixture using the boring 
technique mentioned previously. This fixture was built to 
isolate the eccentricities of the lathe spindle from the work and 
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Fia. 2 


Fic. 3 AsseMBLY OF SUPPORT AND TrEsT BEARINGS 


to insure reproducible finishings in the bearing. All parts in the 
test setup, including the bearings, were washed either in unleaded 
gasoline or in benzene and blown dry with clean air. All bearing 
surfaces were wet with the silicone fluid prior to assembly in the 
machine. 

Due to the low surface tension of the silicone fluid, approxi- 
mately 20 dynes per cm, it was difficult to prevent leakage of 
the fluid from the system. In the first bearing machine de- 
veloped for this work it was found that the standard labyrinth- 
type seal, used so much in modern equipment, was entirely un- 
Satisfactory. Flinger rings were found to work if properly 
shaped. As for the standard synthetic-rubber seal rings, it was 
found necessary to change the composition of the rubber to a 
silicone plasticized Hycar compound, described in the accom- 
panying paper on hydraulics.’ 

The gear pump was operated to deliver the silicone fluid to the 
test bearing at a pressure of approximately 26 psi. No attempt 
was made to maintain the same ambient temperature or bearing 
temperature throughout the various runs. Bearing temperatures 
tanged from 152 to 240 F, while temperatures of the oil in the 
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BEARING-TEST MacuiIne O1L Pan AND Drive Puttey REMOVED 


Fig. 4 Component Parts or A BEARING TEST 


sump ranged from 118 to 129 F. The journal speed throughout 
was 1725 rpm. The load in all the tests was limited to a maxi- 
mum of approximately 6000 psi. This limit was imposed by the 
lesign of the machine, since higher loads would cause excessive 
shaft deflection and bellmouthing of the bearings. 

After some experimentation, several procedures were adopted 
for breaking in the bearings. A slow break-in consisted of an 
initial overnight run of 16 hr at 500 psi, and thereafter an increase 
in the load of 100 psi per hr. This load was continued until 
failure occurred, or the load limit of the machine was reached 
(6000 psi). If no seizure occurred the load was cycled between 
500 and 6000 psi. One run of 157 hr duration was made. Once 
broken in, the bearings were run 8 hr per day at 6000 psi after a 
15-min warm-up run at 500 psi. The 157-hr run was stopped 
because of a failure in the power supply to the oil-pump motor. 
A fast break-in had only 2 hr initial operation at 500 psi, and the 
load was increased 500 psi every 15 min. A very fast break-in 
has been used in which the bearing was operated at 500 psi for 
2 hr and then loaded to 3000 psi and increased to 6000 psi 15 min 
after that. The bearing was then cycled between 500 and 6000 
psi. 

The temperature of the test bearing was taken at the outer 
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surface of the bearing through the bottom of the holder as pre- 
viously described. Temperatures were measured and recorded 
continuously on a Leeds & Northrup potentiometer having a 
range of 0 to 350 F, and a time of full-scale travel of 27 sec. 
With this type of instrument it is impossible to follow flash 
temperatures or temperatures at final seizure, but general oper- 
ating temperatures were recorded very well. The temperature 
of the bearing rose slightly after each increase in load, but fell in 
a few minutes to an equilibrium temperature slightly higher than 
that for the previous load. This temperature-recording arrange- 
ment has proved satisfactory for obsefving incipient seizure. 
However, in the runs described in this paper, no difficulties with 
incipient seizure were found in the silicone-lubricated runs over 
the load range used. 

The bearing metals used included cast iron, babbitt, a high lead 
and a high-tin bronze, copper-lead alloys containing high, 
medium, and low amounts of lead, copper-nickel silicide, copper 
(hard), commercial brass (half-hard temper), aluminum (178), 
and Alfin metal. The chemical analyses and sources are given 
in Table 1. It should be understood that these materials are not 
the only ones of promise but simply all those investigated to date. 


Some Loap-CarRYING CHARACTERISTICS OF CHEMICALLY UN- 
TREATED BEARINGS 


The first bearing machine built was tried with bearings of cast 
iron, 80-10-10 bronze, and Delco bushing (copper-lead), and steel- 
backed babbitt. The nonferrous bearings were satisfactory over 
the temperature range of 140 to 180 F up to the load-carrying 
limit of the machine (only 2200 psi). The cast-iron bearings 
operated under no load but failed promptly at loads of only 250 
psi. Therefore a new machine was built permitting loading up 
to 6000 psi. 

Using the break-in procedure already described, copper, 


TABLE 1 ANALYSES OF BEARING METALS USED 
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Federal Mogul F-16, aluminum (178), and Alfin alloy bearings 
were investigated in the journal-bearing machine shown in Figs. 
1 to 4, inclusive, using the silicone fluid. The summarized re- 
sults are given in Table 2, as runs A, B, C, and D. In all cases 
these metals, once broken in, operated as satisfactory bearings at 
loads up to the load limit of the test machine (6000 psi). Of 
course, this conclusion is restricted to the given range of bearing 
temperatures, oil-flow rates, and ZN /P values (Z, N, and P hav- 
ing the usual meanings, i.e., Z = viscosity; N = rpm of journal; 
P = bearing load per unit of projected area). The quantity 
PV (in which P = the load and V = journal velocity in feet per 

second) used to predict the performance of a bearing with a 
petroleum oil is given in Table 2. No significance can yet be 
given to these values for the silicone fluids until more data are 
collected. In all cases no significant change (+1 per cent or 
less) in the viscosity of the fluid resulted. 

In each of these runs, as in the earlier bearing tests mentioned, 
it was found that the slowly broken-in bearings not only devel- 
oped high load-carrying capacities, but also retained them when 
the original silicone fluid was replaced by new and unused sili- 
cone oil. An obvious inference was that the bearing surface had 
been chemically or otherwise altered. A careful inspection of 
each bearing surface following the slow break-in procedure 
revealed that each loaded surface was coated with a thin trans- 
parent film or lacquer roughly 0.0001 in. thick and varying from 
water-white to pale yellow in color. Such a lacquer had also 
been found on the bronze bushings of the Pesco high-pressure 
gear pumps used in the hydraulic pump.’ 

It is now well recognized that bearings carefully run-in on pe- 
troleum lubricants slowly develop a dark lacquer coating on 
the loaded-bearing surface. As it was considered possible that the 
high load-carrying capacity obtained in a slow break-in with 
silicone oil was due to the formation of the observed film or 


Bearing metal : Cu Pb Sn Zn Sb Fe Ni Al Cc Si Mg Ss P Mn 
NN RO 88.92 3.79 4.01 3.28 ; 0.01 | 0.01 
|\74.63 | 19.04 5.47 0.6 0.1 0.5 
ee are ae 86.95 0.1 9.5 2.5 0.1 0.1 0.05 0.05 
Commercial brass (half-hard temper)... |60.2 2.69 37.0 0.05 0.1 

Babbitt 0.07 | 89.2 7.64 | 0.01 wie 0.088 | 0.40 

79.9 10. 0 10. ‘0 0.02 | 0. 01 | 


@ Manufactured by Delco Appliance Division, General Motors Corporation (Pc. No. 5020150). 


’ Manufactured by Federal-Mogul Corporation. 
© Manufactured by Al- -" Corporation, Jamaica Long Island, N 
@ Manufactured by P. R 


Bearing 


Run Bearing temp.°, 
no, Bearing material? load,> psi deg F 
A 6000 165 
B Alumni 5300d,¢ 145 
D Co om 6000¢ 163 
G 6000 240 
H 6 146 

L 6000 196 
Ww 25004,f 126 


@ All shafts except where noted were chrome-plated high-carbon steel. 
+ Load limit of test machine was approximately 6000 psi. 
© Highest stead -state prior to seizure. 
@ Bearing seized at this load 
¢ Run terminated due to accidental failure of power to oil-supply pump. 
f Incipient seizure at 1521 ps 


TABLE 2 RESULTS OF JOURNAL-BEARING TESTS WITH SILICONE FLUID 


. Y. (obtained through courtesy of N.A.C.A.). 
. Mallory & Company, Inc. (known as Mallory No. 53). 


‘ 


Oil-sump temp., deg F ZN Treated Type of 
Initial Fin P Pr bearings break-in 
118 122 11.5 31400 No Slow 
120 127 15.5 27200 No Slow 
127 127 12.1 29700 No Slow 
122 122 11.5 31400 No Slow 
118 127 12.7 31400 Yes Fast 

2590 No Fast 
120 122 6.8 31400 Yes Fast 
122 125 13.4 31400 Yes Fast 
120 125 9.3 31400 Yes Fast 
118 125 14.5 31400 Yes Fast 
116 120 9.0 31400 Yes Fast 
115 122 12.7 31400 Yes Fast 
116 118 16.6 25500 Yes Fast 
120 120 53.6 10800 Yes Fast 
116 118 37.8 13500 Yes Fast 
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lacquer, it was decided to try to produce artificially such films 
on bearings and investigate the resulting change in the break-in 
and load-carrying characteristics of the bearings lubricated with 
silicone fluids. 


LACQUERS AND THEIR Use IN SILICONE-FLuID-LuB- 
RICATED SYSTEMS 


Previous research of this laboratory on the oxidation stability 
of the dimethyl silicone polymer fluids had shown them to be 
very stable at temperatures up to approximately 300 F. At 
higher temperatures some formaldehyde and formic acid were 
evolved, and eventually the oil thickened until it set to form a 
water-white transparent gel. The rate of oxidation and of 
viscosity increase was considered negligible for most purposes 
at temperatures of 300 F, but at higher temperatures they be- 
came increasingly more serious. In the temperature range of 
300 to 500 F and in the presence of the common metals, Cu, Fe, 
Al, bronze and babbitt, the rate of oxidation was decreased 
somewhat. However, pure lead and pure tin were found to be 
catalysts for accelerating the oxidation and gelation of the oil. 
From this work and other related research of this laboratory 
it was concluded that the films on the bearings, as described pre- 
viously, were silicon-containing organic lacquers or thin films 
formed during contact of the metal with the products of the 
silicone-oil oxidation reaction. 

The test bearing metals and also the supporting bearings were 
immersed in beakers of the silicone oil and were heated in the 
open air for long periods of time at 300 F or higher. The desired 
lacquers eventually formed, the time required varying with the 
temperature and metal. Numerous variations of this method of 
forming lacquers on the bearings have been tried and developed. 
The method used in preparing the bearings throughout the test 
discussed in this report involved the use of temperatures of 300 F 
for as long as 100 hr, or 500 F for only 24 hr. Longer times of 
exposure were necessary for steel than for nonferrous metals. 

With the exception of run F, all of the runs E to N, inclusive, 
in Table 2 were made with lacquer-coated bearings previously 
prepared by the chemical method described. After the lacquer 
treatment the bearings were allowed to cool, were washed with 
benzene, and were then assembled in the test machine. Follow- 
ing this, the test fluid was added and the bearing test was run 
according to the loading schedule indicated in Table 3. It will 
be noted from Table 2 that all these treated bearings carried 
the maximum load of the machine (6000 psi), while the break-in 
time was reduced to only 2 hr. Also no significant changes 
(+1 per cent or less) in the viscosity of the fluid resulted. 

In run F an untreated Delco bearing was used, and it was 
initially loaded up to and held at 500 psi. After 1!/, hr operation 
at that load seizure occurred. This is to be contrasted with the 
five equally or more rapidly loaded runs, E, G, H, J, and K, on 


TABLE 
Run 
no. Bearing material Lacquer treatment 
None 
None 
None 
Delco 


None 


a 
° 
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eee Bearing cooked in silicone oil 24 hr at 380 F 
Bearing cooked in silicone oil 24 hr at 380 F 
Bearings cooked in silicone oil 44 hr at 300 F 
Commercial brass....... Cooked in silicone oil 89 hr at 300 F 

2 ee ee Cooked in silicone oil 108 hr at 300 F 
Cold-rolled steel... .. Shaft and bearing cooked in silicone oil 


Bearings—137 hr at 300 F 
Shaft—168 hr at 300 F 

Shaft and bearings cooked in silicone oil 
Bearings—178 hr at 300 F 
Shaft—167 hr at 300 F 
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Bearings cooked in silicone oil 150 hr at 300 F 


Bearings cooked in silicone oil 24 hr at 430 F 


Bearings cooked in silicone oil 8.5 hr at 500 F 
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The 
low load seizure in run F indicates the need for a slow break-in 


the same bearing metals up to maximum loads of 6000 psi. 


to obtain load-carrying capacities in excess of 1000 psi. It can 
now be concluded that a silicone film or lacquer formation on 
the bearings is necessary for the operation at high unit loads of 
silicone-fluid-lubricated journal bearings. 

In runs L and M on commercial brass and F-1 (high tin- 
bronze) bearings, respectively, each was chemically treated by 
the method described, and each could be rapidly and successfully 
loaded to the maximum load-carrying capacity of the machine. 
In run N a copper-plated high-carbon-steel journal, rotated in a 
previously lacquered, cold-rolled steel, test bearing, operated 
successfully under rapid loading until seizure occurred at 5500 
psi. This is to be compared with the very low loads (250 psi) at 
which seizure occurred with steel-on-cast-iron silicone-lubricated 
bearings as described in the earlier tests. 

Runs V and W were made using lacquer-treated bearings of 
cast iron and journals of chromium-plated high-carbon steel. 
Seizures occurred at loads of approximately 2000 and 2500 psi. 
In another paper,’ it is shown that Peseo high-pressure gear 
pumps, fitted with cast-iron bushings, failed in a few minutes at a 
hydraulic pressure of 600 psi. Therefore, although the silicone- 
lacquer treatment did not increase the load-carrying capacity of 
cast-iron bearings to values as high as it did the nonferrous bear- 
ings studied, a considerable and perhaps valuable increase did 
result. This increase in ability to carry loads is especially signifi- 
cant when one considers the very rapid loading schedule fol- 
lowed (see Table 3). 


SILICONE-LACQUERED BEARINGS AND THEIR Use WitTH PETRO- 
LEUM OILS 


The advantages found in silicone-fluid systems in treating 
bearings with silicone lacquer suggested the investigation of the 
value of using such treated bearings in petroleum-oil-lubricated 
systems. In runs P, Q, R, 8S, and T (see Tables 4 and 5), Navy 
Symbol 1080 petroleum oil was used for the bearing tests. This 
is a high V. I. nonadditive aviation-engine lubricant, and the 
batch used had the following viscosity-temperature character- 
istics: 

15.5 centipoises at 210 F 
74.5 centipoises at 130 F 


360.0 centipoises at 77 F 
2700.0 centipoises at 32 F 


The viscosity is identical with that of the silicone fluid used at 
148 F, which is not far from a mean of the bearing temperatures 
encountered. 

Before beginning runs P and Q, the bearings were lacquered 
with a silicone oil by the chemical methods already described. 
Runs R, 8, and T were made without any preliminary chemical 
treatment of the bearings. It was found that the lacquered 


3 TREATMENT AND LOADING SCHEDULE AND FOR JOURNAL-BEARING TESTS WITH SILICONE FLUID 


Loading schedule 
100 psi increments in load 1 hr after each equilibrium 
temperature was reached 
Same loading as in A 


500 psi for 151/2 hr 


500 psi for 17 hr 
Same as in A 

500 psi for 19 hr 
500 psi for 2 hr 
500 psi load 

500 psi for 2!/4 hr 
500 psi for 2 hr 
Same as run H 
500 psi for 2 hr 
500 psi for 2 hr 
500 psi for 2!/2 hr 
Same as in run E 


Same loading as in A 

250 psi increments in load every 15 min 
Bearing seized after 1'/¢ hr 

500 psi load increments every 15 min 
3000 psi load increments every 15 min 


6065 psi added immediately after break-in 


Load increase same as run 
Load increase same as in run G 


500 psi for 23/4 hr Same load increase as in run G 


Same as in run G 
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TABLE 4 RESULTS OF JOURNAL-BEARING TESTS USING NAVY SYMBOL 1080 PETROLEUM OIL 


Bearingd 
Run Bearing tem 
no. Bearing material load, psi deg 
P Commercial Brame. 5800¢ 158 


a All shafts were chrome-plated high-carbon steel. 
6 Highest steady-state temperature prior to seizure. 
© Seizure load. 


MAY, 1946 

Oil-sump temp, deg F ZN Treated Type of 

Initial inal P PV bearing break-in 
110 112 10.0 31 Yes Fast 
101 102 18.3 22900 Yes Fast 
127 129 58.8 11300 No Slow 
141 124 30.6 13 No Fast 
136 136 40.7 12600 No Fast 


TABLE 5 TREATMENT AND LOADING SCHEDULE FOR JOURNAL-BEARING TESTS WITH N.S. 1080 PETROLEUM OIL 


Run 

no. Bearing material Lacquer treatment Loading schedule 

P Commercial brass....... Bearing cooked in silicone fluid 96 hr at 300 C 72 psi for 2 hr 250 Ay load increments every 15 min 
eee Bearing cooked in silicone fluid 118 hr at 300 F 500 psi for 2 hr Load increase same as in run 
Oe None 72 psi for 16 hr . Load increments of 250 oe 1 hr after each equilibrium 

temperature was reached : 
None 72 psi for 4 hr Load increased 250 psi every 30 min 
None 72 psi for 2'/: hr Load increased as in run S 


bearings did not seize during a fast break-in until loads were used 
of 5800 psi with brass and 4300 psi with Delco bearings, re- 
spectively. In contrast, the unlacquered Delco bearings seized 
at from 2100 to 2600 psi, depending upon the loading schedule 
followed during the break-in. Therefore, with a petroleum-oil- 
lubricated system, the silicone-lacquer bearing treatment was 
found to increase considerably the permissible rate of break-in 
and the seizure load. 


Discussion OF EXPERIMENTS 


Due to the care used in boring, aligning, and finishing the bear- 
ings and journal, reasonably good reproducibility was obtained, 
and seizure loads did not vary more than approximately 10 per 
cent from the mean. In this work high enough values of ZN /P 
were selected to remain usually in the region of hydrodynamic 
lubrication. It is of immediate interest to learn how much 
above 6000 psi are the seizure loads for the various nonferrous 
metals studied. Inasmuch as increases in seizure loads with 


lacquer formation of from 100 to 200 per cent were found, there - 


is no doubt of the reality of the improvement obtained with 
lacquering. 

Considerable variations were found in the maximum bearing 
temperatures before seizure. However, this is not unexpected 
because of the wide range of loading schedules followed during 
the break-in operations. These temperature variations are not 
considered as important in silicone-fluid as in petroleum-fluid- 
lubricated systems, due to both the smaller temperature coeffi- 
cient of viscosity and the greater oxidation stability of the sili- 
cone fluid. As in the hydraulic work,’ no significant viscosity 
changes occurred during the bearing runs not accounted for by 
initial loss of volatiles. This eliminates shear instability of the 
fluid as a cause of the peculiar lubricating properties of steel-on- 
steel or cast-iron bearings. 


CONCLUSIONS 


A number of the common bearing metals have been found very 
promising for use in unilaterally loaded journal bearings, lubri- 
cated with the silicone fluid. Among them are copper-lead, 


bronze, commercial brass, babbitt, copper, aluminum (178), 
and Alfin alloy. These were especially effective with chromium- 
plated high-carbon-steel journals. Cold-rolled steel bearings op- 
erated with copper-plated high-carbon-steel journal bearings 
also showed promise. These nonferrous bearings have been 
successfully operated at the load limit of the bearing machine 
used (6000 psi), with load increments of as much as 5500 psi 
applied during cycling tests. 

For the maximum load-carrying capacity the bearings should 
have either a long gradual break-in or be suitably treated with a 
silicone lacquer prior to operation. The long, slow break-in 
process formed a silicon-containing organic film on the bearing. 
It was found that such film-coated bearings had load-carrying 
capacities comparable to those of artificially silicone-lacquered 
bearings. 

Bearing systems of steel on steel and steel on cast iron were not 
satisfactory for operation with silicone fluids. However, a very 
slow break-in process or a preliminary treatment of the bearings 
with silicone lacquer enabled them to stand loads of up to 
approximately 2000 psi. Suitable bearing-lacquer coatings 
have been formed by completely immersing the bearings in di- 
methy] silicone polymer fluid (viscosity at room temperature of 
50 to 100 centipoises or more may be used) and maintaining them 
at a temperature of from 300 to 500 F in the presence of air. The 
time of exposure varied with the metal, being longest for steel 
and least for copper. Exposures of from 100 hr were needed at 
300 F and 24 hr at 500 F. 
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Dimethyl-Silicone-Polymer Fluids and 
Their Performance Characteristics 


in Hydraulic Systems 


This investigation concerns research on the polymethyl] 
siloxanes or dimethyl-silicone polymers, and their uses as 
lubricants and hydraulic fluids. It is shown that these 
new fluids give excellent results when operated in a stand- 
ard aircraft-type Pesco gear pump. It was found that the 
silicones when used in a gear pump fitted with cast-iron 
bushings caused serious wear and disintegration of the 
bushings at pump pressures of only 600 psi. It is con- 
cluded that the loaded surfaces of steel sliding on cast iron 
or on steel are not adequately lubricated by the silicone 
fluid, whereas steel sliding on bronze is effectively lubri- 
cated. A simple manually operated slider-and-plate test 
method was discovered capable of permitting the dis- 
crimination between good, bad, and indifferent bearing 
combinations for use with silicone fluids. Results with 
156 combinations of metals are summarized. There is 
also given a means of relating these observations to the 
practical problem of selecting suitable metals for use in 
lubricating the sliding parts of machinery with silicones. 
The results are related to observations on the choice of 
suitable metals for gear pumps, piston pumps, and journal 
bearings. It is shown that the same conclusions relative 
to steel sliding on steel or on bronze are reached from 
tests with the Vickers piston pump. 


INTRODUCTION 


ARLY in the war the Naval Research Laboratory was 
E requested by the Bureau of Ordnance to investigate the 
possibility of using the new silicone-polymer fluids (or 
polyorganosiloxanes) as recoil and damping fluids. When diffi- 
culties due to the inflammability of present aircraft hydraulic 
fluids became apparent, the Bureau of Aeronautics also became 
interested in the development of these fluids for use in aircraft 
hydraulic systems. A description of some of the properties of 
these fluids by the two producers will be found in the literature.** 
Many of the physical and chemical properties of interest in the 
evaluation of hydraulic fluids were investigated by this laboratory 
prior to commencing tests in hydraulic equipment. It was con- 
cluded that of the various silicone-polymer fluids, the dimethyl 
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silicones were the most desirable because they had the smallest 
temperature coefficients of viscosity of any pure fluids known, and 
also had unusual stability to oxidation. The resistance of the 
dimethyl-silicone fluids to various fire hazards was studied, and 
it was concluded that they were adequately resistant to the fire 
hazards of interest in this investigation. Laboratory tests and 
M-1 incendiary-bullet firing tests on properly stripped silicones 
verified that, under such fire hazards, these fluids would not 
ignite nor would the liquid spray propagate a flame front. This 
made it of interest to study the operation in hydraulic equipment 
of a carefully stripped silicone fluid. 

Both manufacturers of the silicones were requested to prepare 
one sample each of the fluid having a viscosity at 210 F of 
approximately 25 to 30 centistokes. The viscosity-temperature 
characteristics obtained in each case were within the following 
narrow ranges: 


Temperature, deg F Viscosity, centistokes 


210 26-30 

130 52-56 

100 68-74 
0 259-275 
—20 385-390 
—40 600-610 


The two fluids submitted were used throughout this investiga- 
tion and no important differences in behavior were found. Other 
less viscous fluids can be obtained having the advantage of being 
much less viscous at lower temperatures. Thus a silicone fluid 
has since been obtained having the advantages that, while the 
viscosity at 210 F is 18 centistokes at 0 F it is 160 centistokes, 
and at —40 F it is only 360 centistokes. Such a single hydraulic 
fluid can at once satisfy all present military requirements in so far 
as viscosity, volatility, and pour point are concerned. The high 
viscosity at 100 F of the fluid used here was considered desirable 
at the commencement of this investigation because the tendency 
of the silicones to leak out of the hydraulic system and the in- 
flammability were decreased by using the highest possible vis- 
cosity consistent with approximating both the low-temperature 
ordnance and aircraft hydraulic specifications, O.S. 2943 and 
AN-VV-0-366b. 


EXPERIMENTAL EQUIPMENT 


At the commencement of this investigation the available sup- 
ply of silicone fluids was very limited and hence the laboratory 
hydraulic tests were made in systems operated with the small- 
size high-pressure pumps used in aircraft. These were the 1P- 
349-N Pesco gear pump and the Vickers model No. PF-2713-10, 
constant-delivery aircraft piston pump. 

The Pesco pump has nitrided gears running in high-lead bronze 
bushings. The bushings are pressure-loaded against the sides of 
the gears. Any wear resulting from a test is therefore noticed 
on the face of the gears and the sliding surface between the thrust 
face of the bushings and the side of the gears. 

The Vickers pump is a 7-piston constant-delivery pump. 
Several points are observed for wear, one being the hardened-steel 
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universal link on which are pivoted, on steel pins, four hardened- 
steel knuckles. Through two steel retainers this assembly serves 
to connect the drive shaft to the bronze cylinder block. As a 
result of the angle (10 deg) between the drive shaft and cylinder 
block, each revolution of the shaft causes the knuckles to rotate 
10 deg around the steel pins of the universal link. Bronze bear- 
ings at either end of the universal link are lubricated by the fluid 
pumped being forced through a small hole in the link. The 
action of the piston in the cylinder block and the sliding of the 
cylinder block on the valve plate are also observed. Five ball 
bearings, one thrust loaded, two radial loaded, and two with a 
combination load, serve to make this pump very desirable as 
almost every type of wear is represented. 

The hydraulic system used is shown in Fig. 1. The reservoir A 
was designed to produce a long liquid path within the sump from 
inlet to outlet in order to facilitate deaeration of the fluid. Two 
sizes of sumps were used, depending upon the amount of the test 
fluid available. When the smaller was used the total capacity of 
the hydraulic system was 1.25 gal, while with the larger sump it 
was 3 gal. Thermometer 7 was used for reservoir temperature 


Fig. 1 
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measurements. The line C was §/,in. OD 0.035-in-wall copper 
tubing. Line D was a standard flexible high-pressure rubber 
hose with 13/3-in. ID conforming to the specification AN-863- 
8-21. All other tubing was !/:-in. OD and 0.035-in. wall copper. 
Standard 24S-T aluminum alloy or equivalent AN-type flare 
fittings were used throughout. The driving motor used, M, was a 
General Electric type K, frame 225, 220/440-volts, 3-phase, rated 
at 5 hp at 3600 rpm. Pressure was controlled by a Vickers No. C- 
167-E relief valve H. The gage J was used on the high-pressure 
side of the valve. This was a Lonergan gage with a range up to 
3000 psi. Gage J was used to measure the pressure drop across 
the relief valve, and gage K measured the pressure drop across the 
filter L. This filter was either a Purolator aircraft-line type, us- 
ing a paper element impregnated with what is reported to be a 
phenol-formaldehyde resin, or a Skinner aircraft-instrument-type 
filter, using a paper-disk element enclosed in a cloth sheath. 
The hydraulic fluid was cooled in flowing through cooler M,, 
which consisted of 20 ft of #/s-in. copper tubing inserted in 20 ft of 
3/,-in. copper tubing and then coiled in a helix. The test fluid 
passed through the space between the inner and outer tubes, and 
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a flow of cooling water passed through the inner 3/s-in. tube. 
Where necessary the helix was immersed in a cooling bath. 

The device N, was a Fenwal thermoswitch which was connected 
with the motor control, the purpose being to shut off the driving 
motor if the temperature of the hydraulic fluid exceeded the de- 
sired test temperature. This device was in the nature of a safety 
shutoff in case of water failure to the cooler. The device N2 was 
also a Fenwal thermoswitch which controlled the sump oil tem- 
perature through a solenoid O in the water-supply line to the 
cooler. The test fluid then passed through P, a Fisher and 
Porter rotameter Stabl-vis type 12 P7, capable of measuring flow 
rates from 0 to 5 gpm. On top of the rotameter a Minneapolis- 
Honeywell Pressuretrol Q was installed. This was a safety de- 
vice to switch off the power to the drive motor if for any reason 
the pump failed to deliver fluid. It was caused to operate by the 
slight pressure in the line from the rotameter to the reservoir 
which was generally in the neighborhood of 1 or 2 psi. When 
this pressure was not present the switch moved to the “off” 
position, thereby breaking the circuit to the drive motor. The 
fluid left the rotameter through a line which entered the side of 
the reservoir near the top and then directed the flow against the 
wall of the container. This caused the test fluid to take a circular 
path to the pump inlet, thereby allowing any entrapped air bub- 
bles the greatest possible time to escape to the surface of the fluid. 
The liquid velocity was not sufficient to cause the fluid to vortex 
in the reservoir. 


OPERATING TECHNIQUE 


Before each test the entire hydraulic system was dismantled 
and cleaned with suitable solvents. Repeated washing with un- 
leaded gasoline was sufficient to clean the system if previously 
operated with the silicone fluid. Where polymer-thickened 
petroleum hydraulic fluids had been used previously, it was neces- 
sary to wash all parts in unleaded gasoline to remove the petro- 
leum fluid and to follow that with successive washings with 
methyl cellosolve and acetone. The cleaning procedure was 
completed with drying the system with a forced draft of clean air. 
In using these fluids precautions were necessary owing to the 
pronounced ability of the dimethy] silicones to creep over surfaces 
and to leak through mechanical joints. All tubing flares had to 
be made as nearly perfect and tight as possible, and it was found 
valuable to use wherever practicable a pipe-thread sealing com- 
pound. An available material which was found satisfactory was 
“Tite-seal,”” a product of the Radiator Specialty Company of 
Charlotte, N. C. 

Before each run and before a gear pump was placed on the test 
stand, it was fitted with a new set of bushings and gears. Both 
the gears and the bushings were thoroughly washed in benzene, 
dried, and weighed to the nearest tenth of a milligram on an 
analytical balance. As the pump was assembled, all moving 
parts and all O-ring seals were wetted with the fluid to be tested. 
When the system was assembled and secured, it was charged by 
filling the reservoir and turning the pump slowly until the entire 
system was filled. The drive motor was then started and the 
fluid circulated with no restriction offered by the Vickers relief 
valve until it could be ascertained that the system was operating 
satisfactorily. The Vickers relief valve was then adjusted to the 
desired pressure and as the fluid began to heat up, the adjust- 
ments on the thermoswitches were made. 

Most of the runs were made for 100 hr of continuous operation 
or until a failure caused discontinuance. Samples of the hy- 
draulic fluid were taken at the end of each run and the viscosity, 
neutralization number, and precipitation number were measured, 
the latter two measurements being made only when the reference 
Petroleum fluids were used. The gears and bushings were re- 
Moved from the pump, washed, and weighed at the end of each 


run to determine the amount of wear occurring during the test 
period. The rest of the system was examined for any unusual 
manifestations such as corrosion, solvent effects, and deposits. 

Piston-pump performance was characterized by observations of 
the flow rate at the beginning and end of each run, appearance 
of metallic particles in the test fluid or the filter, and condition of 
the working parts, as evidenced by weight losses, appearance, and 
fits. Due to the size and mass of the working components as 
well as to the presence of many crevices impossible to clean per- 
fectly, measurements of weight losses were not considered satis- 
factory for observing wear. 

A new filter core was used for each run and in some cases 
where a Skinner filter was used, a cloth bag covered the core. 
After each run the filters were examined for deposits. In some 
of the runs thermocouple readings were taken to determine 
temperatures after the fluid had passed through the pump and 
again after passing through the relief valve. These thermo- 
couple installations were temporary in that the temperature was 
found to rise 10 deg F passing through the valve. The results 
were consistent for a number of runs, thus making such observa- 
tions superfluous and hence they were not made routine obser- 
vations. The approximate number of cycles which the fluid made 
per run was calculated by multiplying the time of the run by the 
flow in gallons per minute and then dividing by the system 
capacity. The flowmeter readings were not corrected for density 
or viscosity of the fluid. These readings were all made at running 
temperature for the purpose of determining losses in volumetric 
efficiency of the pumps at a determined pump speed. These 
readings were approximately 4 per cent higher than the actual 
flow rates. 

The reference petroleum hydraulic fluids tested had the 
following viscosity-temperature characteristics: 


Temperature, Viscosity, centistokes 
deg F AN-VV-0-366b O.S. 2943 
210 5:16 10.0 
130 10.1 
100 14.1 29.1 
0 90.3 223.5 
—25 556.3 
— 40 406.4 


PackKINGs FOR SysTEMS OPERATED WITH DIMETHYL-SILICONE- 
PoLYMER FLUIDS 


If the dimethyl-silicone-polymer fluids are to be used in 
hydraulic systems, it may be necessary to change the composition 
of the packings. It was found essential to change the composi- 
tion of the O-ring seals which are so commonly used especially in 
aircraft. Whatever the ingredients used as plasticizers for the 
synthetic rubber of the O-ring seals, these plasticizers gradually 
were extracted by the silicone fluids, and as a result the rings 
shrank and became brittle. This shrinkage was of such mag- 
nitude as to cause serious leakage from the pumps and other 
hydraulic components using such rings. As might be expected, 
the solubility of the plasticizers was increased with time and 
temperature. It was found that serious leakage occurred after 24 
hr of pump operation at 180 F sump temperature. However, it 
was found possible to run the pump for 500 hr continuously at 140 
F without serious leakage, but after that run had been completed 
the seals had become so brittle that they shattered when an 
attempt was made to remove them. Even in systems operating 
at lower temperatures than 140 F, there may be trouble with 
present O-ring packings after long exposures occurring in peace- 
time practice or in long storage. There was evidence that the 
solubility effect was present even at room temperature. 

A solution to the problem of the shrinkage of O-ring seals was 
found. The same solution will probably care for difficulties with 
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many other types of hydraulic packings. It seems that the most 
commonly used plasticizers of synthetic rubber are all soluble to 
some extent in dimethyl-silicone fluids. Therefore the High 
Polymer Section of this laboratory compounded a new packing 
with a small amount of the silicone hydraulic fluid under test. 
The rubber used was basically a Hycar compound having a 
durometer reading of 60 and a tensile strength of 2000 psi, an 
elongation of 325 per cent, and a freezing point of —60 F. A 
small percentage of graphite was also included in the manufacture 
of this material to reduce the friction of these seals on moving 
parts. It was found that O-rings made from this stock gave com- 
pletely satisfactory performance in pumps using silicone fluids for 
100 hr continuous running at from 180 to 200 F, the highest 
temperatures employed in this investigation. It was found 
later that suitable gaskets necessary for journal-bearing experi- 
ments? could be made from the same material. 


BEHAVIOR OF SILICONE FLvurps In GEAR Pumps 
The results obtained on the reference petroleum oils and on the 
silicone fluid are given in Tables 1 and 2. The sometimes variable 
finish and hardness of the gears and bushings furnished by the 
manufacturers of the pumps caused irregular weight measure- 
ments during the break-in of new gears as can be seen when com- 
paring the gear weight losses on all runs, especially runs P-20 and 
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TABLE 1 R-PUMP RUN ON ORDNANCE AND 
AERONAUTICAL HYDRAULIC PETROLEUM OILS 


<PRL_ 1081) 


Time in hrs. 
Sump temp. °F 
PSI high 

PSI low 


Flow GPM: 
Start 
Finish 


Cycles approx. 


Wt. loss grams: 
Drive gear 
Driven gear 
Max, one bush- 


ing 
Total bushings 


Vise. cs.: 
Start 
Finish 

Filter type Purolator |Purolator |Purolator | Purolator 

Line type |Line type |Line type | Line type 


Appearance of oil/-- -- Normal, Normal, 
after run clear clear 


Gears & bushings Broken New New 
in 100 hrs, 


TABLE 2 GEAR-PUMP RUNS ON DIMETHYL-SILICONE-POLYMER FLUID 


Time in hours 
Sump temp. °F 
PSI high 
PSI low 


Flow GPM: 
Start 
Finish 

Cycles approx. 


Wt. loss. grams: 
Drive gear 
Driven gear 
Max, one bush- 


ing 
Total bushings 
Vise. 


Start 69.35 
Finish 68.51 


oil after run |gel amher, 
clear 


‘re & bushings |New New New New 


Filter type Skinner]|Purolator} Skinner |Skinner |Skinner|/Skinner |Skinner [Skinner |Skinner 
no bag jline type|with bagiwith bagino bag*/with vag no bag** with bagino bag 


Appearance of Cloudy | Light Hazy Hazy 


140 
1500 
210-300 


71.11 
72.34 


Clear, |Hazy Clear Clear 
light amber amber deep 
amber yellow 


New 


Fron New 


* After 40 hours. 
** After 60 hours. 


P-21 of Table 2. It can be noticed from runs P-19, P-20, and P- 
21 that when the same set of gears was re-used the weight losses 
became less, thus indicating that at least part of the weight loss 
was not due to the fluid alone but rather to mechanical variables. 
These three runs are the only ones in which gears were re-used, 
and so it can be concluded that the weight losses in the other 
runs represent the highest wear rates to be expected in the history 
of a given pump operated on clean oil. 

It was noticed that when using the petroleum ‘ordnance 
hydraulic fluid” O.S. 2943, the weight losses were much greater 
than when the silicone fluid was used. Values of approximately 
0.015 g per gear per 100 hr, using the new gears and bushings 


7™Dimethyl-Silicone-Polymer Fluids and Their. Performance 
Characteristics in Unilaterally Loaded Journal Bearings,” by J. E. 
Brophy, R. O. Militz, and W. A. Zisman, published on pages 355-360 
of this issue of the Transactions. 


with petroleum fluid, should be compared with values of often 
much less than 0.009 g using the silicone fluid. It was also found 
that higher rates of bushing wear occurred when petroleum was 
used than with silicone. 

It is believed the cause of the low wear rates on the silicone- 
lubricated pressure faces of the bronze bushings was the forma- 
tion of a protective resin consisting of cross-linked polymers de- 
veloped by oxidation of the fluid. Early research on the oxida- 
tion of silicones had shown that gels and eventually cross-linked 
polysiloxane resins resulted. Similar deposits were obtained by 
this laboratory when strips of polished metal were immersed in 
the silicone fluid during the oxidation tests. 

Although it was found difficult to detect the presence of gel in 
the silicone fluid because of the small difference in the refractive 
indexes of gel and fluid, careful examination under a microscope 
definitely revealed the presence of particles of gel in the fluid 
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which had been run for 100 hr. In every run some soft black gel 
was found on the filter element. In the 500-hr run, P-25, there 
was enough gel formed in the fluid so that it could be scraped 
from the filter walls with a spatula, permitting the recovery of 10 
ml. Apparently the only reason for the fluid casting out the gel 
under normal conditions was that the gel would attach itself to 
minute particles of more dense material in the fluid and would 
thereby become heavy enough to be thrown out at points where 
flow direction changed abruptly such as happened in the filter. 

Some attempts were made to concentrate the gel formed by the 
use of a centrifuge but this method proved unsatisfactory. Asa 
result of the formation of gel in the silicone fluid, it was found that 
a definite build-up of back pressure occurred on the Skinner filters 
fitted with bags, accompanied by a gradual clogging of the pores 
by slime. The rate of clogging, however, was not sufficient to 
cause trouble in normal operation. Using either the purolator 
filter or the Skinner filter without a bag, serious clogging of 
the filter occurred after 500 hr of continuous operation at 140 F 
and 1500 psi operating pressure. 

It will be noticed in Table 2 that there was no significant vis- 
cosity change (less than 2 per cent) in the silicone fluid after hav- 
ing been pumped at a pressure of 1500 psi continuously for as long 
as 500 hr (or 105,000 cycles). For comparison, the petroleum 
fluid O.S. 2943 decreased in viscosity to less than 50 per cent of 
its original value after 18,000 cycles. 

A set of cast-iron bushings (3.3 per cent carbon content) was 
made to fit the Pesco 1P-349-N pump to replace the usual bronze 
bushings. Results with O.S. 1113 petroleum hydraulic oil as 
well as the silicone fluid are given in Table 3. When operated on 


TABLE 3 GEAR-PUMP RUNS USING CAST-IRON BUSHINGS 
Hydraulic fluid 
petroleum oil 
Run _ No.3 - P-14A p-14 14C 
Time in hours |0.25 0.33 2.0 1.0 
{Sump temp. °F |180 180 180 180 
PSI high 600 (failed) | 600 (failed)} 800 (satis-/800 (satis-} 
factory factory 
PSI low 110 110 110 110 
Flow GPMs 
Start 3.80 ad 3.60 3.60 
Finish 2.20 -- 3.60 3.60 
Cycles approx. |75 -- -- -- 
Filter type Purolator Purolator Purolator | Purolator 
line type | line type line type |line type 
Appearance of |Black with] Black with /|Clear Clear 
oil after runjiron par- iron par- 
ticles ticles 
Gears and bush4New New New New 
ings 


silicone fluid, the pump ran normally at 200 psi for 15 min. 
Therefore the pressure was increased gradually. At 600 psi the 
pump began to fail rapidly and the fluid became black with such 
finely dispersed particles of iron that they were not retained by 
the filter, while the volumetric efficiency of the pump fell approxi- 
mately 33 per cent in 5 min, leading to the discontinuance of the 
entire run. A microscopic examination revealed that much gel 
had formed in the silicone fluid. Several more runs were made 
using new cast-iron bushings and pump failures were obtained. 
The roughened appearance of a set of the cast-iron bushings fol- 
lowing such a disastrous run is evident in Fig. 2. 

Finally, similar runs were made using the Navy Ordnance 
petroleum hydraulic fluid O.S, 1113. It was found that the pump 
operated well at a pressure of 800 psi. When examined after 2 hr 


of operation, there was only a slightly galled spot on the bushings 
a8 evidence of wear. 
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Cast-Iron Busuines ArPTER 0.25 HR IN SILICONE 


SELECTION oF BEARING Metats For Use WITH SILICONE 
LUBRICANTS 


The contrast in the high rate of wear of silicone-lubricated sur- 
faces of steel rubbing on cast iron, and the negligible rate of wear 
of steel on bronze in the gear-pump runs described, suggested the 
possibility that other combinations of rubbing metal surfaces 
might exist which were also well lubricated by this fluid. It was 
evident that an undesirably large amount of shop and time-con- 
suming testing machine work would be needed if the large number 
of metal combinations of interest were tried as pump bushings or 
test bearings. 

In endeavoring to duplicate the serious rate of wear and even- 
tual seizure at low pressures of steel sliding on polished cast iron 
or on polished steel, a simple technique was found valuable in the 
rapid sorting out of the good, bad, and indifferent metal com- 
binations lubricated with the silicone fluid. This “slider-and- 
plate’? method consisted in sliding manually a flat cylindrical and 
polished metal slider having a diameter of 1 in. upon a lubricant- 
covered, flat, polished metal plate 1'/2 in. wide and 6 in. long while 
exerting a downward pressure on the slider. The edge of the 
cylinder was rounded off to make the cylinder operate as a sled 
and so invite formation of an oil wedge between slider and plate. 

In the middle portion of each long back-and-forth stroke of the 
slider a condition of thick-film lubrication prevailed unless the 
unit load had become high enough to cause metal-to-metal con- 
tact. The maximum load obtainable by exerting pressure 
manually was approximately 20 psi with the 1-in. slider. Loads 
of around 40 psi could be obtained using sliders of smaller 
diameter, although the need for preventing rocking did not permit 
the use of sliders much smaller than °/, in. diam. 

The existence of serious wear was determined by the sense of 
touch, by an inspection of the sliding metal surfaces, by ob- 
servations of the fluid for deterioration, and especially for the 
presence of abraded metal. This method may not be equally use- 
ful, however, in examining fluids of entirely different chemical 
compositions. 
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A series of these simple tests was made, using thirteen different 
sliders and twelve different plates. The metals used included 
bronze (80-10-10), brass (commercial), copper, aluminum, mag- 
nesium, tin, babbitt (iead-base), cold-rolled steel, stainless steel, 
and steel plated with nickel, chromium, cadmium, zinc, and 
silver. This permitted observing 156 combinations of bearing 
metals. For comparison, a sample of naval specification petro- 
leum oil NS-1047 was used. This high V.I. nonadditive oil had 
viscosities of 6.3 centistokes at 210 F, 41 centistokes at 100 F, 
and 2300 centistokes at 0 F. 

It was chosen because at the test temperature (68 F), it had 
the same viscosity as the silicone fluid used. The plated metal 
surfaces were buffed to a high polish before use in these tests. 
The other metals were polished, using successively finer grades of 
emery paper and ending with 4/0 grade paper. All surfaces were 
previously cleaned with hot c.p. toluene. Although the degree of 
surface polish somewhat affected the results of this test in so far as 
doubtful cases were concerned, it was found that the differentia- 
tion between the relatively good and bad cases was not changed. 

The results of an attempt to classify the observations using the 
slider-and-plate tests are presented in Tables 4, 5, and 6. In each 
table the qualitative results are indicated for the silicone oil and 
for the comparison oil. From the relative performance of all the 
combinations of lubricated metals tried, three groups were made. 
The good metal combinations are listed in Table 4. None of 
these exhibited any adverse characteristics. The bad combina- 
tions are listed in Table 5. The doubtful ones, listed in Table 6, 
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In contradiction to the original conclusion of earlier investi- 
gators that silicone fluids were not good lubricants, the results of 
this study revealed 81 bearing-metal combinations with which 
they may be found to be useful lubricants. The original reports 
were based upon the failure of silicone fluids to lubricate steel on 
steel where petroleum oils behaved very well. It is of interest to 
point out here that there are cases where the N.S. 1047 petroleum 
oil behaved poorly, while the silicone fluid produced good lubrica- 
tion. From Table 4 may be cited such cases as aluminum on 
brass; copper on magnesium; magnesium on tin, nickel, chro- 
mium and cadmium; and cold-rolled steel on nickel and cadmium. 

In contrast, the following metal combinations were lubricated 
well by N.S. 1047 but were not well lubricated with the silicone 
fluid: Steel, aluminum, copper, and nickel sliding on steel; 
nickel on brass and on nickel; tin on cadmium, and many others 
given in Tables 5 and 6. 

It is apparent that each particular oil fails to lubricate certain 
definite metal combinations and that specificity of lubrication is a 
phenomenon not limited to silicone fluids alone. For example, 
the difference in the load-carrying capacity between N.S. 1047 oil 
and white mineral oil or a pure hydrocarbon like dodecylbenzene 
could be discerned, but in no case was there the serious scratching 
and seizure encountered with the silicone fluid. 


TABLE BAD SILICONE-LUBRICATED METAL COMBINATIONS 
AND CORRESPONDING RATINGS USING PETROLEUM OIL Nos 
1047 


had some bad features, such as relatively high friction or the — — 
presence of a metallic sludge in the oil after rubbing, but these |Slider Plate _test result Slider Pinte test result 
characteristics were not considered pronounced enough to classify Brass Magnesium Bad Babbitt Aluminum Doubtful 
them as definitely bad. Nickel Copper Good 
pian ___Silver Babbitt Good 
TABLE 4 GOOD SILICONE-LUBRICATED METAL Cadmium = Good 
COMBINATIONS AND CORRESPONDING RATINGS’ USING Magnesium Brass Doudtful Zinc Good 
PETROLEUM OIL N.S. 1047 Copper Doudtful Stainless Good 
Babbitt Doudtful 
Correspon: Corresponding Magnesium Doubtful Chromium Tin Doubtful 
petroleum petroleum Silver 4 
Slider Plate test result | [Slider /Plate test result Nickel 
Cold Aluminum Good Chromium Bad 
Cadmium | Brass Good rolled Stainless Good Cadmium Bad 
Copper Good | Stee] Steel Zine Bad 
Babbitt Good Babbitt Bad 
Tin Good Copper Stainless Good Copper Bad 
Stainless |Good Steel Magnesium Bad 
Steel Brass Bad 
Silver Good Aluminum Tin Bad Aluminum Bad 
Nickel Good Silver Doubtful Stainless Bad 
Chromium [Good Stainless Good Steel 
Cadmiun Good Steel 
Zine Good 
TABLE 6 DOUBTFUL SILICONE-LUBRICATED METAL 
COMBINATIONS AND CORRESPONDING RATINGS USING 
PETROLEUM OIL N.S. 1047 
Stainless Correspond ‘ng Corresponding 
Steel petroleum petroleum 
Nickel Good Slider Plate test results |slider Plate  |jotl result 
Chromium [Good 
rass Babbitt Good Bronze Tin Good 
Zine Seed Copper Doubtful Brass Good 
Stainless Doubtful Magnesium | Good 
steel Stainless | Good 
Nickel Tin Good Tin Copper Good steel 
Babbitt abbitt |Magnesium | Good 
Tin Doubtful Good silver Magnesium | Doubtful 
Stainless |Good Stainless Good Silver Good 
Steel steel Cadmium Doubtful 
Nickel Good Babbitt Doubtful 
Chromium [Good Copper Doubtful Tin Brass Doubtful 
Magnesium | Doubtful 
Nickel Brass Good Cadmium Good 
Cold Nickel Doubtful ium Zinc Good 
Cadmi tful Nicke Goo 
Magnesium|Stainless | Doubtful 
}Steel 
Zinc Copper Doubtful 
Babbitt Doubtful 
Magnesium | Doubtful Zine Doubtful 
tal t 
Good cola Brass Doubtful 
Silver Good rolled [Copper Doubtful 
4 stee Babbitt Doubdtfu 
Mn Good Chromium Doubtful lagnes ium Doubtful 
Silver Good 4 f 4 Tin Doubtfu 
Nickel Cadmium | Magnes ium Doubtful Doudtful 
Chromium | Good Aluminum | Cadmium Bad Chromium 
Zine Doudtfu 
Cadmium Doubtful Aluminum Doubtful 
Zinc fond Babbitt Bad 
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In the case of steel on steel, the N.S. 1047 lubricated specimens 
were given the maximum manual loading (40 psi with a °/s-in. 
slider) and still no tendency toward seizure was noticed. Similar 
plates when lubricated with silicone oils and placed under loads 
of only 5 psi could be felt to scratch as though an abrasive were 
present. Slightly higher loads caused deep scratches or even 
sudden seizures, and with loads of 30 to 40 psi, movement of the 
slider almost instantly became an impossibility due to the seizure. 
In spite of such pronounced differences as this, in individual cases 
with most of the combinations of metals, the silicone fluid and the 
N.S. 1047 behaved alike. Thus in Table 4, of every five cases 
where silicones were found to be good, four were also good with 
the petroleum oil. From Tables 5 and 6, of every five cases in 
which silicones were found to be bad or doubtful, petroleum was 
found to give bad or doubtful results in three. 

A qualitative relation can be established between the predic- 
tions from these simple tests and the results of tests with other 
more complex machines such as the journal-bearing machine.’ 
In the case of the unilaterally loaded journal-bearing machine, the 
flat plate of these experiments corresponds to the shaft, and the 
slider corresponds to the bearing. Thus the slider (like the 
bearing) will accumulate thermal effects and reaction products 
which, depending upon the oil, may help or hinder lubrication. 
In contrast, each element of surface area of the plate (like the 
journal) will bear the load only periodically, allowing better dis- 
tribution of the heat and chemical products generated. By 
similar considerations it is believed that these results can be 
interpreted for many applications to machinery and mechanisms 
of amore complex nature. 

In trying to relate these slider-and-plate observations to some 
of the performance characteristics to be expected of more complex 
machines, another factor must be taken into account. The slid- 
ing test does not permit ascertaining the effect of break-in. For 
example, it has been found in the journal-bearing machine that a 
steel shaft rotating in a bronze bearing does very well if, and only 
if, a proper break-in procedure is followed. 

In the Pesco pump runs it was found that bronze bushings 
rubbing against the face of steel gears worked well but developed 
lacquer coatings. This particular combination of metals belongs 
to the doubtful class in Table 6 because a slight sludge was 
noticed. Under careful break-in conditions in a pump or journal 
bearing,’ this initial wear is avoided, a protective lacquer is 
formed, and subsequently the bearing is able to stand higher 
loads than with petroleum oil under similar conditions, Similar 
observations apply to the case of a brass slider upon steel, and 
may apply to other combinations. In agreement with this con- 
clusion, when the slider and plates were coated with silicone lac- 
quer by the method described in the companion paper, reference? 
no difficulties were encountered with seizures or scratching in the 
slider test. 


BEHAVIOR OF SILICONE FLUIDS IN Piston Pumps 


Prior to observing the performance of the silicone fluid in the 
Vickers piston pumps, a 300-hr test run at 1500 psi and 180 F 
sump temperature was made on the petroleum oil AN-V V-O-366b, 
to provide reference data. Observations and a thorough inspec- 
tion were made after 100, 200, and 300 hr of continuous operation, 
and the results are given in Table 7. The wear rates with this 
petroleum fluid were negligible. The general pump condition re- 


mained excellent throughout the test, while the oil remained clear, 
although an appreciable darkening in color was observed. The 
viscosity steadily decreased as usual due to shear breakdown of 
the polymer thickener.. The viscosity decrease in the first 5000 
cycles was approximately 24 per cent, and as usual the rate of 
a breakdown rapidly became less after the first 5000 
cycles, 


TABLE 7 PISTON-PUMP ae gg PETROLEUM OIL AN-VV-O 


(Sump temperature 180 F) 


After After After 
Start 100 hrs. |200 hrs. [300 hrs. 
Test pressure (psi) 1705 1500 1500 1500 
Pressure drop across 50 50 50 50 
relief valve (psi) 
Flow rate GMM 2.94 2.68 2.85 2. eh 
Approx. number of 5360. 11390. [16):50. 
cycles 
Vise. cs. at 100°F 1h.27 19-75 33677 9.58 
Percent vise. change ° 2k. 32. 32.9 
Filter type used Skinner |Skinner [Skinner Skinner 
Appearance of oil Clear Clear Clear Clear 
red red red red 


TABLE 8 PISTON-PUMP RUNS ON SILICONE FLUID 
Run Fl Run VPI Run VPe 
(Steel (Steel (Bronze 
knuckles) knuckles) knuckles) 
ime in hours 80 
Sump temp. °F 140 100 1 
PSI high 1500 1500 300 
PSI low 190 vi] 6 
Flow GPhi: 
Start 3.18 267 
Finish 2.99 
Cycles approximately 1908 4.500 38900 
Visce cs. at 100% 
Start: 71.11 71.11 71.11 
Pinish: 73.22 71.28 
Percent change 20.3 nil 20.36 
Filter type Skinner Purolator Purolator 
aircraft aircraft 
Appearance after run Cloudy gray| Cloudy gray Clear, light 
amber 
Initial Condition of 100 Hrs. on] New New 
Pump 3668 


The same pump was thoroughly cleaned with solvents and 
operated on the silicone fluid. After 65 hr of continuous opera- 
tion at 1500 psi and 140 F sump temperature, the pump failed 
through seizure. In another trial, using a new pump and a new 
batch of silicone fluid, it failed through fracture of the universal 
link after 80 hr of continuous operation at the same pressure and 
at 100 F sump temperature. In each trial the oil became dark 
with dispersed particles of steel before failure occurred. The 
surfaces of the steel pins and knuckles were so worn where they 
rubbed each other that their diameters changed by apporxi- 
mately one half of the original values, see Fig. 3. Enough gel 
and finely divided metal was created to accumulate in the filters 
and increase the pressure drop across the filter by 87 psi. Pump 
failure was directly due to the excessive wear in these members, 
allowing the piston connecting rods to strike the sides of the 
cylinders, either causing seizure or breaking of the universal link. 

The pump failures in these tests had in each instance been 
caused by the rapid wearing of the steel universal link and steel 
knuckle. This was not surprising in view of the results of the 
slider-and-plate experiments previously described. From that 
study a number of much more suitable metal combinations than 
steel on steel suggested themselves for materials to be used in 
making the link and knuckles. As few would have been available 
soon enough, 80-10-10 bronze was used instead of the steel 
knuckles. 

Accordingly, a set of four such knuckles was made and in-- 
stalled in a new Vickers pump and tested for 50 hr of continuous 
operation at 180 F sump temperature and 1500 psi. At the end 
of this time the system was completely taken down and in- 
spected. No appreciable wear being apparent, the test was con- 
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tinued for a total of 650 hr of operation, after which it was com- 
pletely disassembled and inspected. The components of the 
pump were examined carefully. The universal link pins and 
knuckles were not unduly worn and the general condition of the 
pump was considered excellent. The silicone fluid remained 
clear for the entire test and no significant change was observed 
in the viscosity. No gel was evident in the fluid and the filter 
showed freedom from clogging or accumulated slime. However, 
some gel was found collected around the universal link bearings 
as it was in all the silicone tests. As the results of the Vickers 
pump design, these points were exposed to a very small flow of the 
fluid and any gel accumulated there would have little chance of 
circulating through the hydraulic system and collecting in the 
filter. 

Hence the use of steel pins and bronze knuckles improved the 
lubrication characteristics so much as to permit the silicone fluid 
to be a practicable hydraulic fluid in this type of pump. How- 
ever, it has not been established here that steel pins and bronze 
knuckles are the best possible choice of materials. Other com- 
binations of metals deserve consideration by those interested in 
the necessary changes of design required in pumps to be used 
with these new fluids. 


CONCLUSIONS 


These experiments make evident the need for discrimination in 
the use in lubrication and hydraulics of the dimethy]-silicone- 
polymer fluids. Until a cure is found for the very limited load- 
carrying capacity of the fluid where both loaded sliding surfaces 
are ferrous, the application of the fluid to many types of equip- 
ment now in use will be limited or impractical. Where one or 
both of such loaded sliding surfaces are nonferrous or can be re- 
placed by suitable nonferrous metals, much equipment can be 
adapted to the use of these new fluids. In many cases such 
changes may require considerable and even undesirable redesign. 


The difficulties encountered due to the creeping and leaking 
tendencies of the silicone fluid will be annoying in some equip- 
ment, and the only cure found to date has been in the use of fewer, 
tighter, and more carefully made mechanical joints. A satisfac- 
tory pipe-thread sealant has been found and others probably ex- 
ist. Its use in tight mechanical joints may be necessary where 
vibration is severe. The silicone fluids cannot be used where 
seals are made by metal-to-metal contact without using high 
sealing pressure or a pipe compound, an example of this difficulty 
being certain types of aircraft selector valves which require the 
achievement of a leakproof seal by the use of a steel poppet valve 
against a steel seat. 

The excellent behavior of the silicone fluid in the gear or piston 
p mps when the proper metal is used for bushings or links and 
knuckles demonstrates the promise of these new fluids for applica- 
tions as hydraulic and lubricating fluids. As their peculiarities 
become better understood, their unusually valuable viscometric, 
freezing point, and chemical-stability properties will make their 
adoption increasingly inviting. Therefore, despite the need for 
redesign, packing changes, tight joints, etc., an increasingly wider 
use of these remarkable fluids can be expected. The use of the 
silicone fluid in the composition of the rubber packings instead of 
the usual plasticizer has shown how readily suitable packings 
can be prepared. 

The protective and durable lacquer formed on the bronze 
bushings of the gear pump is quite like that found in slowly 
broken-in journal bearings described elsewhere,’ and no doubt 
they are identical in origin and nature. There was no special 
difficulty with gel formation, for it was significant only after long 
periods of continuous operation at high sump temperatures. 
Even then that difficulty appeared adequately cared for by 4 
filter-cartridge change every several hundred hours of continuous 
operation at high pressure. As the temperature of operation of 
the pumps rises above 200 F, no doubt the rate of gel formation 
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will become greater and will necessitate more frequent changes 
of the filter cartridge. 

The results of the simple slider-and-plate tests, although 
merely qualitative, appear useful. The observed peculiarities of 
the silicone fluid in lubricating gear and piston pumps, as well as 
journal bearings,’ are all in agreement with the predictions made 
by judicious use of the results of the slider tests, and in fact were 
used to guide part of the work here described and in the paper on 
journal bearings.?’ Except for a relatively few combinations, 
most of the slider-and-plate pairs tried and rated “good” with 
silicone were also rated “good” with the petroleum oil, and a 
similar parallelism holds with the combinations rated “bad.” 
Also, many of the metal combinations rated “‘good”’ or ‘‘bad”’ for 
petroleum oil are identical with those experience has shown are 
useful in bearing systems lubricated with petroleum oils. 

The low wear rates found in the gears of the Pesco pumps and 
the freedom from wear where found in the ball-bearing race of the 
Vickers pump are considered highly significant with respect to the 
relation of the behavior of the silicone fluids in rolling and in 
sliding friction. In both examples of rolling friction encountered 
here, steel rolled on steel, the unit loads were high, and yet little 
wear occurred. In contrast, at comparatively very low unit 
loads in the sliding friction of steel on steel, the failure to lubricate 
was remarkable. It is well known that sliding friction is less de- 


sirable in so far as wear rates are concerned than is rolling friction, 
but such a contrast as found here requires special explanation. It 
is suggested that this difference in case of the silicone fluid is due 
to the fact that, although it has ample chemical stability and 
adhesiveness to handle high unit loads divected normally to the 
moving surfaces, it fails under weak loads where sliding occurs as 
a result of the creation of local hot spots on ferrous and a few 
other poor-conducting hard metals, causing oxidative break- 
down leading to gelling, lacquering, and even local cementing or 
welding. 
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Rotary-Pump Theory 


By W. E. WILSON,! WINNETKA, ILL. 


A theory describing the performance of rotary positive- 
displacement pumps and fluid motors in terms of torque 
and delivery is presented. From the equations for these 
two quantities, expressions for power input and power 
output are developed. The concept of torque efficiency as 
a complement to the concept of volumetric efficiency 
is introduced. Equations are developed for the volu- 
metric, torque, and over-all efficiencies. Three operating 
ranges are identified by outstanding characteristics of the 
performance in each case. Performance charts in dimen- 
sionless form are presented and analyzed. Tests on a 
conventional gear pump operated as a fluid motor yield 
data which substantiate the theory in one operating 
range. Additional tests on a cam-type pump give data 
confirming the predictions of the theory concerning the 
performance when pumping oils of high viscosity. Al- 
terations of the physical dimensions of the unit are dis- 
cussed in terms of effect on the performance character- 
istics. The possibility of the design of units with opti- 
mum dimensions is indicated. 


GENERAL THEORY 


HE equations which will be developed apply to a rotary 
positive-displacement unit, acting either as a pump or as a 
motor. The unit consists of a rotary element, a stationary 
housing, inlet and outlet passages, and a shaft connected to the 
rotary element. The definite volume of fluid which is trapped 
between the rotary element and the housing is positively forced 
through the unit. Viscous bearing and gear friction as well as 
other mechanical effects will tend to resist motion of the rotor. 
These affect the shaft torque by an amount which will be referred 
to as “torque loss.” Flow through the clearances and seals will 
cause an actual discharge differing from the ideal discharge. 
These secondary flows are referred to collectively as “slip.” A 
loss in delivery of a pump, not properly designated as slip, is 
described. This loss is encountered when 
pumping liquids containing entrained gases, or 
liquids which vaporize readily. 
Three distinct ranges of performance are rec- 
ognized and defined as follows: 
Range 1. All flow of the fluid in the unit 
in the turbulent range, giving a fluid torque 
resistance proportional to the square of the 


RANGE! RANGE 


speed and first power of the viscosity, and a slip proportional to 
the first power of the pressure difference and inversely propor- 
tional to the viscosity. 

Range 3. Laminar flow of the fluid throughout the unit. 
Slip is negligible due to high viscosity at low speeds. Slip in- 
creases as the speed increases due to local heating of the fluid, 
which in turn is caused by energy dissipated in the shearing action 
on the viscous liquid. This results in viscous torque loss less 
than that which would arise from fluid of the original viscosity. 
Delivery is also reduced by expansion of entrained gases or vapor 
in the low-pressure region at the pump intake. 

In Fig. 1 are shown the characteristics of performance just 
outlined, in graphical form, in terms of torque and delivery as 
functions of speed of rotation of rotor shaft at constant pressure 
differential and constant viscosity at pump intake. 

In the development of the theory it is assumed that the rotor 
shaft is rigid, clearances within the unit remain constant, and the 
coefficient of friction between unlubricated surfaces is a constant. 


IpEAL ToRQUE AND DELIVERY 

In Fig. 2 is shown a section through a typical rotary pump. 
Using this sketch for reference, the equations for torque and de- 
livery in general form may be written as follows: 

As the rotor of either a pump or a fluid motor rotates, the 
motion is resisted by a viscous drag which originates in the 
narrow passages between rotor and housing. In addition there 
will be resisting torques such as those which originate in the shaft 
seals which will be nearly constant in magnitude. There are also 
torques resisting the motion which are proportional to the pres- 
sure differential which exists. These torques may originate in 
the seals if the sealing forces are proportional to the pressure 
differential, or in the bearings where the resistance is proportional 
to the bearing load, which in turn depends upon the pressure 
differential. In the case of the pump the pressure differential 
causes a torque opposing the motion, and in the case of the fluid 
motor in the direction of the motion. This torque will be called 
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CONSTANT 


DELIVERY 


PRESSUFE DIFFERENTIAL 
angular speed, and slip proportional to the AND 


Square root of the pressure difference. Slip is 
independent of the viscosity in this case and 
torque loss is nearly constant. 

Range 2. Laminar flow of the fluid through- 
out the unit, giving a viscous torque resistance 
proportional to thé first power of the angular 
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Width, perpendicular to 
sketch, L. 
Fia. 2 


the ideal torque since it is the torque which would be required to 
drive the pump or would be developed by the motor if the fluid 
were frictionless and there were no mechanical friction causing 
resisting torques. 

The torque T required to drive a pump or developed by a fluid 
motor may be expressed in terms of the torques just discussed as 
follows 


where 
T; is ideal torque due to pressure differential and physical 
dimensions of unit only 
T, is resisting torque due to viscous shearing of fluid 


T;, is resisting torque, due to mechanical friction, which is 
directly proportional to pressure differential 

T, is resisting torque due to mechanical friction which is con- 
stant 


The delivery of a pump or fluid motor consists of the fluid 
which is trapped due to the geometrical features of the unit and 
bodily transported from the inlet to outlet, less that fluid which 
is returned from the discharge to the intake by the geometrical 
features of the unit, less that fluid which flows from discharge to 
intake by reason of the pressure differential (slip) and, in the case 
of pumped liquids, less the volume of entrained gases or vapor 
which are expanded at the intake and compressed at the discharge 
side of the pump. The ideal delivery is that full quantity which 
is trapped and transported from intake to discharge less that 
quantity which is returned from discharge to intake by virtue of 
the geometry of the unit. 

The delivery of the pump or fluid motor may therefore be 
expressed in general terms as follows 


Pump: Q = 


Motor: Q = Q; 
where 
Q,; is ideal delivery of unit due to its geometrical features only 


Q, is slip flow caused by pressure differential 
Q, is delivery loss due to entrained gas or vapor 


The ideal torque and ideal delivery of a unit with zero clearance 
will be distinguished from those of a unit with clearances. 

The ideal torque and ideal delivery of a unit with zero clear- 
ances may be expressed very simply by considering that the pres- 
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sure differential acts upon a rotating surface of area A, which by 
its motion displaces the fluid in a positive manner. 

The ideal torque 7';’ due to the pressure differential may be 
expressed in terms of a force (p; — p2) A, which acts at the distance 
r from the axis of rotation thus 


T;' = (pi — Ar 
where 


~. is pressure at intake 
P2 is pressure at discharge 
A is projected area of moving surface on radial plane 
r is distance from center of pressure to axis of rotation 


Similarly, the ideal delivery Q;’ may be expressed as the volume 
Arw swept out per unit time by the translation of the area A 
through the distance rw thus 


where 


w is angular speed of rotation of rotor shaft 
A is area previously defined 
r is distance from axis of rotation to centroid of area A 


It is apparent that the quantity Ar is identical in the two ex- 
pressions given, when the pressure is constant over the area A. 
Situations in which the pressure is not constant over the area A 
will not be considered for the present. 

Between the peripheral boundary of the area A and the housing 
lies a small clearance space through which slip flow occurs. The 
area of this opening in a radial plane must be considered in some 
manner in calculating ideal delivery and torque. Definitions to 
provide for this consideration will be given. Expressions for 
rate of flow and fluid-resisting torque will be developed on the 
basis of the assumption that the flow in these small passages is 
approximated sufficiently closely by the flow between infinite 
parallel flat plates. 

We have defined the ideal delivery as the delivery which would 
represent the full geometrical delivery of the unit. It is apparent 
that the fluid which adheres to the moving boundary of the area A 
in a unit with clearances will result in the transport of fluid 
through the clearance space. The expression for ideal delivery, 
Q;, may then be written 


Q; = Arw + ar'w 


where 


ar’ is volume of fluid carried along by translation of periphery 
of area A through unit angular distance 
a is equal to (Ar + ar’) | 


The quantity a is simply the ideal displacement of the pump or 
fluid motor per unit rotation of the rotor shaft. This quantity 
may be most easily determined experimentally by finding the 
delivery when the pressure differential across the unit is zero. 
Under these circumstances there can be no slip flow. 

One may proceed in a similar manner to write an expression 
for the ideal torque 7; of a unit with clearance, and for sake of 
brevity we shall write immediately the expression 


T; = (m— 


where all terms have been defined previously. 

The use of the quantity a in the expression for torque as well a8 
delivery may be justified quite rigorously for the case of the ideal 
pump or fluid motor in a rather simple manner. The mechanical 
power input to the pump or output of the motor is simply the 
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Pump: T = T; + T, + T, + T,..........[la] 
Motor: T = T;— T, — T, — T,.......... 
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product of the torque and angular speed, and the hydraulic power 
output of the pump or input to the motor is the product of de- 
livery and pressure differential. In an ideal unit the input and du dp 


output must necessarily be equal. For the case of the ideal unit dy dz 


one may then write + This may be integrated to yield 


Substitution of this expression for r yields the differential equation 


Tw = QAp 


d 2 
wu= ry — 46, 


which in the nomenclature used previously is dr 2 


(pi — pryaw = aw(pi — pe) The boundary conditions are 


This is obviously an identity as it should be if the quantity a may tis . 


properly be used in this case. The justification for the use of a 
in the general case is beyond the scope of the present treatment; 
however, the case of laminar flow will be considered in detail It follows therefore that 
since the mathematical development is relatively simple. 


aty=c, u=Tw 


=0 
Sire AND Torque Loss ond 
Consider now the flow through a clearance space of the dimen- a 
sions shown in Fig. 3(a). The lower plate moves at the speed avi Wp 


U = rw, where r is the distance from the plate to the axis of c dz 2 


rotation. The flow AQ, through the opening is due to both pres- ( ; . 
sure drop and shear transport of the fluid and is assumed to be in The velocity u at any distance y from the fixed plate is then 


the laminar range. rey .ldp[yc y? 
Referring to Fig. 3(b), we consider an element of the fluid at the de E 

distance y from the fixed plate, and of the dimensions dz, dy, b. 

The forces acting on this element are the pressure forces (p + The total quantity of fluid flowing AQ, is given by 

dp) b dy acting to the right and p 6 dy to the left, the shear forces 

7b dz acting to the left and (r + dr) bdrto the right. Assuming AQ, = fe u+b-dy 


steady flow, the acceleration of the element is zero, hence the 
equation of equilibrium is 


\(p + dp) — p]bdy + [(r + dr) — r] bdr = 0 


which reduces to 


[5 


Since the flow is between parallel plates the pressure gradient a 
dp/dz will be constant. We may therefore integrate the equa- and upon substituting for dp/dz as follows 
tion just given and obtain 


Py tn 


we have finally 
Newton’s viscosity law may now be introduced to relate the shear roc (pi — pa)e® 
stress to the velocity gradient AQ: = + Db... 
remy ~ The unit force r due to viscous friction which retards the moving 
y 


plate is given by the value of the shear stress at y = ¢ 
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l 2 c 
Since the total force F on the moving plate is 
F = lb 
there results a torque A7’; acting on the rotary element of the unit 
AT; — [8] 
l 2 c 


There may be several passages through which the fluid will 
leak, hence it is necessary to consider the total effect on both 
torque and delivery. The fact that the torque AT; and flow AQ, 
are linear functions of the pressure difference and angular speed 
of the shaft permits the equations for net delivery and net torque 
to be written in the following form 


Q = + 2% 
which upon substitution for 2Q; and 27; yield 


Twe (pi — pa)e§ 


These may be rewritten in the forms 


rcb (pi — 
[9] 
2 
T= (art — [10] 


It is apparent that the quantity 


reb 
E +2 | 


cb 
is the factor w, and = 2 is the quantity ar’ previously defined. 


Also in accordance with previous definitions, the delivery loss 
due to pressure differential is the slip. It follows therefore that 
the slip AQ, for a single passage is given by 


_ (ri — 
12 
and the torque loss A7'; by 
poolbr? 


AT, = — 
c 


Now since in any specific unit (pump or motor) the clearance c, 
length of path 1, width of passage b, and radius to the passage r 
are different for the various elements of the passages surrounding 
the rotating element, the expressions for the total torque loss 7',, 
and total slip Q, must be written in a more general form. This is 
done as follows 


(11) 
where 
P= Pr 
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It is readily shown that both k and 8 have the dimensions 
length to the third power and may be expressed thus 


jose 
2 
c 


In order to simplify the equations and without materially de- 
creasing their significance, the torque loss 7’, will be considered to 
include that loss in torque which is due to entrance and exit losses 
since in the case of laminar flow, these will be nearly proportional 
to the product of viscosity and angular speed. 

Detailed equations for torque, delivery, power input, power 
output and efficiencies will now be developed for the three per- 
formance ranges defined previously. 


TORQUE AND DELIVERY RANGE 1 


In this range of performance the slip is proportional to the 
square root of the pressure differential and practically inde- 
pendent of the viscosity. The torque losses are principally 
mechanical in nature, although the fluid resistance will vary with 
the square of the speed of rotation and will be practically inde- 
pendent of the viscosity of the fluid. The expressions for torque 
and delivery may now be written, taking into consideration the 
nature of the slip and resisting torques, thus 


Pump: T = epa + kpw*R*? + T,..........[13] 
Q= w— (14) 
Motor: 7 = epa — kpw*R? — T,.......... [15] 


where 
T is torque input or output, ft-lb 
pis pressure difference, psf 
T, is torque due to mechanical friction independent of pressure, 
ft-lb 
a is ideal displacement, cu ft per radian 
k is a coefficient with dimensions, cu ft 
uis viscosity of fluid, slugs per ft-sec 
w is angular speed of shaft, radian per sec 
Q is delivery, cfs 
Bis a coefficient with dimensions, cu ft 
pis density of fluid, slugs per cu ft 
Q, is loss in delivery in cu ft per sec due to vaporization of 
liquid, or liberation of entrained gas at intake 
Risa characteristic radius of the unit, ft 
eis given by the following expression using positive sign for 
pump and negative sign for motor: 
epa = pa + T 
or 
ap 


T; is mechanical friction torque which is proportional to pres 
sure differential 
Now since 7’; is proportional to the pressure differential p, on¢ 
may write 


T, = mp 
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and it follows that 


which is a constant for any one pump or motor. 


TorQUE AND DELIVERY RANGEs 2 AND 3 


In a similar manner expressions for torque and delivery for 
both pump and motor in performance ranges 2 and 3 may now be 
written, using the nomenclature employed previously, as follows 


Pump: T = epa + kpw + T, 


Motor: 7 


The distinction between range 2 and range 3 comes in the 
variation of the Viscosity with speed in range 3, and the difference 
in order of magnitude of the last two terms in the equation for 
pump delivery. In range 2 the torque shows a straight-line 
variation with speed, due to the constancy of the viscosity. Also 
in range 2 the delivery loss Q, is negligible. In range 3 the 
torque does not change as rapidly with speed as would be indicated 
by a constant value of the viscosity, and the slip is either negli- 
gible compared with Q, or shows an increase with the speed 
corresponding to the decrease in viscosity which is characteristic 
of this situation. 


PowER 


Equations for power output and power input may be written 
on the basis of the fundamental expressions 


Pump: Power output = Po = Qp 


Power input = P; = Tw 


Motor: Power output = Py = Tw 


Powerinput = P; = Qp 


Substitution of the previously given expressions for torque and 
delivery yields the following equations 


RANGE 1 


Pump: paw 


kw?R? 
w 
pa 


paw 


RANGES 2 AND 3 


Po = paw | 1 — 


k 


Motor: 


EFFICIENCY 


In the case of a motor, the ratio of the actual torque to the 
theoretical torque may be termed the torque efficiency E;; and 
the ratio of the theoretical delivery to the actual delivery may be 
termed the volumetric efficiency Z,. The reciprocals of these 
quantities are the corresponding efficiencies for the pump. 
These may be written as follows 


RANGE 1 


Pump: = 


Motor: 


_ Pa 


It is convenient to make the following simplification in nomen- 
clature 


Let 
in range 1, and 


in ranges 2 and 3. 
The over-all efficiency E is now defined as the power output of 
the unit divided by the power input; thus 
Po 


E=5 


The expressions for this over-all efficiency may be written as 
follows, provided we substitute in each case the appropriate term 
¢ or ¢ for the parameters cited previously 


MMM = pow| — — —|......... [27] 
m pa pa 
8 
a 
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Motor: = 


1 


RANGES 2 AND 3 


It is pertinent to note that significant simplification of the 
equations for range 2 may be effected by noting the relative order 
of magnitude of the terms involved in the various equations just 
given. When operating in this range at fairly high pressures, 


e.g., over 300 psi, the term ra is frequently found to be negligible 
a 


in comparison with k¢/a and e. Also by definition, the term 
Q,/(aw) is small in this range compared with 8/(a¢). The 
simplified equations in range 2 then reduce to 


Pump: 


It is immediately apparent that under these circumstances the 
performance of the pump or fluid motor may be expressed in 
terms of dimensionless ratios descriptive of the geometry of the 
unit, namely, k/a and 8/a; and the dimensionless parameter 
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expressed as ¢ = o which describes the conditions of operation. 


Consideration of the equation for over-all efficiency Z in this 
case leads to the immediate conclusion that there is a particular 
value of ¢ which corresponds to the maximum efficiency of the 
unit. The value of ¢ which corresponds to the maximum 
efficiency may readily be obtained by maximizing the equations 
for over-all efficiency, considering ¢ as the only variable. The 
resulting values of ¢ are given by 


B ea? 
E + + 

ea? 
Motor: yes]... 


where ¢,, is the value of ¢ corresponding to Emax. 


Pump: 


The corresponding values of Emax are 
a [1 + 2 +2 Vo 


Motor: E,, = e[1 + 20—2 +0)]...... [50] 


ea? 


0 


These expressions for efficiency are shown graphically in Fig. 4 
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for the case of « = ¢ = 1. It is readily shown that motor and 
pump efficiencies are identical in this case. It is immediately 
apparent that the maximum efficiency is a function of @ and ¢ 
only, and that these in turn are determined by the geometry of 
the unit only. 

Since the concept of torque efficiency is somewhat unfamiliar, it 
is well to point out the relationship which exists between the 
volumetric efficiency E,, the torque efficiency Ey, and the over-all 
efficiency EZ. By definition the following expressions may be 
written for a pump 
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Tw 


The product of Z, and Ey may then be obtained thus 


Substituting the following quantities for ideal torque and ideal 
delivery 
T; = pa 


Q; = aw 


we obtain 


Qp 


= Te 
from which it may be concluded that the product of the volu- 
metric efficiency and the torque efficiency is equal to the over-all 
efficiency. A check of the equations given previously for the 
various cases reveals that they are in agreement with this general 
conclusion, and a similar demonstration may be made for the case 
of a motor. 


Heatinec or Liquip 


It has been pointed out that the reduction in viscosity by the 
heating developed in the shearing action on the fluid in the narrow 
passage between rotor and housing is a most important feature 
of the performance in range 3 (44).2. An equation describing the 
important characteristics of this phenomenon will be derived. 

The narrow passage, shown schematically in Fig. 3(a), will be 
used as the basis of this development. The work done on the 
fluid which flows through the passage is equal to the product of 
the force exerted by the moving plate on the fluid and the speed 
at which the plate moves. It will be assumed that this energy 
which is supplied to the fluid is dissipated entirely in raising the 
temperature of the fluid. The following expressions for work 
done and heat absorbed may be written 


Work done on fluid = E pe + (mr S| rwbl 
Cc 


Heat absorbed by fluid = c,Qw AT 
where 


c,is heat required to raise temperature of 1 lb of liquid 1 deg F 
w is weight of 1 cu ft of liquid 
AT is rise of temperature in deg F of liquid in distance ! 
«is coefficient of viscosity of liquid in slugs per ft-sec 
Qis rate of flow of liquid through narrow opening relative to 
moving plate, cfs 


All other terms have been defined previously or are defined in 
Fig. 3(a). 

Equating these rates of energy supply and absorption, assuming 
no heat loss to the surroundings, introducing the mechanical 
equivalent of heat J and the value of Q from Equation [7], we 


(pi — al [= 


(pi — p2)e 
12ul + | rwbl 


2l 


oy Suitable algebraic manipulations lead to the following expres- 
sion for the temperature rise 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


It is readily determined that the expression contained within 
the brackets must have a value between 2 and 6. For purposes 
of simplification it is assumed that a constant value of 4 for the 
quantity within the bracket will yield results sufficiently reliable 
for practical use. 

While it is necessary to calculate the temperature rise in the 
slip passage, it is further required that the change in viscosity be 
determined. For purposes of calculation the viscosity u of the 
liquid is approximated by the expression 


where 
wo is viscosity at 7 = 0 
¥ is a constant for any particular liquid 
e is base of natural logarithms 


Considering now the change dT in the temperature along a 
length dz of the passage, we may rewrite Equation [51] upon 
using the value 4 for the bracket thus 

dT 
poe 


4rw 


This may be integrated to yield 


where 


4yrw 


and z is the distance along the passage fo the point at which the 
viscosity is u. The quantity u is the viscosity at entrance to the 
pump or motor. 

The average value of the viscosity in the passage is of particular 
significance. Denoting this average value by wavg, it may be 
calculated as follows 
Define 


fin 


l 


Bu 
Fs 


Integration and simplification yield 


Mave = 


Mavg = 


B ml 
Mavg = 7 [54] 


This may be put into a more significant form by dividing both 
sides of the equation by u; the initial viscosity of the liquid 

— +1 


which may be rewritten in the following form 


Have 


The variation of wavg With angular speed w with constant pres- 
sure differential is particularly significant. When the angular 
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speed is zero the ratio “8 reduces to the form 0/0 which may be 


shown mathematically to have the value 1, as would be expected 
from purely physical considerations. As the angular speed in- 
creases the ratio ““* approaches zero. The viscous torque may 


be expressed in terms of the reduced viscosity avg 


Kyavew 
and upon substituting the expression for pavg 


2 
kewerd lo 41 


4yrl 


which shows a continually increasing value of the torque 7, as the 
speed increases. However, 7, will, under these circumstances, 
always be less than kuw, the torque which would be encountered 
if the viscosity remained at its initial value 4. 

A detailed analysis of the problem of the effect of the reduction 
in pressure in the neighborhood of a pump inlet on delivery has 
been given by Pigott (42, 44), for the case of volatile low- 
viscosity liquids. The effect of viscous resistance in reducing 
inlet side pressures and thereby causing loss in delivery due to 
the expansion of entrained air, may be analyzed in the elementary 
manner to be discussed. 


VISCOSITY AND ENTRAINED GASES 


When pumping extremely viscous liquids the resistance to 
flow causes excessive reductions in pressure in the intake passages. 
Entrained gas will expand in low-pressure regions in the neighbor- 
hood of the inlet and fill to a greater or lesser extent the volume 
intended for the transport of liquid from the intake to the dis- 
charge of the pump. When this gas reaches the discharge side 
of the pump its volume is reduced due to the high pressure en- 
countered (39, 42, 44, 45). 

The volume of entrained gas per unit volume of liquid is V,, at 
the inlet pressure p,, and this volume increases to V,’, due to the 
reduction in pressure as the liquid enters the trapping space in the 
pump. Then the expanded gas and sufficient oil to fill the dis- 
placement volume of the pump are transported to the high-pres- 
sure side of the pump where the volume of the gas is reduced to 
V,”. If the flow in the intake passages and adjacent to the rotor 
is considered to be as indicated in Fig. 5, and the flow is treated as 
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laminar flow between parallel flat plates, one may state that to fill 
the space behind the advancing vane a quantity of liquid bdrw 
must be drawn into the space per unit time. Now making use of 
Equation [7] which describes the flow between parallel flat 
plates, and setting the rate of flow equal to bdrw we have 


where 
p is pressure at any point within inlet passage, psf 
z is distance in feet from intake to point at which pis measured 
r is radial distance in feet to point at which p is measured 
d is radial distance in feet from rotor to housing 


Equation [57] may be put in dimensionless form 


The loss in delivery will be caused by the expansion of the en- 
trained gas of volume V,. Assuming this expansion takes place 
isothermally, we have 


where 


V, is volume of entrained gas at intake pressure p; per unit 
volume of liquid 

V,’ is expanded volume of entrained air at pressure p per unit 
volume of liquid 


As the liquid and gas progress to the region of high pressure 4 
reduction in volume of the gas to V,” is accomplished. Assuming 
isothermal compression, we may write 

Vo" _ 

Pe 
where p2 is the pressure at the discharge of the pump. The loss 
in volume V, per unit volume of liquid due to expansion of the gas 
is simply the difference between V,’ and V,”._ Expressing this as 
an equation, we have 


Vor 


Pa 


and upon substituting for p,/p there results 


The quantity V, represents, therefore, the proportion of the 
displacement which is lost at a point located z feet from the inlet 
due to expansion of entrained gas. The quantity V, is simply the 
ratio of the volume of entrained gas to the volume of liquid at 
intake pressure. 

It will be noted that the loss in displacement V,, is associated 
with the distance z. In order to obtain the total loss in displace 
ment it is necessary to sum up the losses V,;, at each point x, over , 
the entire region involved. 

Although this equation is based on gross oversimplifications 
it indicates the nature of the variables which describe the phe 


bdrw = rod (pi — p)d® 
This may be 
Sue y be solved for tl 
i r the pressure p and yields 
p and yields 
p= — Guo —..... 
— 
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nomenon, and it is evident that greater refinements will lead to 


expressions containing the same parameters * and 2 and differ- 
Pr P2 
ing only in algebraic form. Summation of the losses in displace- 


ment will again change only the form of the expression and not 
the quantities involved. Use will be made of this observation in 
analyzing experimental data. 


EXPERIMENTAL Data FoR HypDRAULIC Motor 


Data obtained in the test of a conventional gear pump operat- 
ing as a hydraulic motor are presented in dimensionless form in 
Figs. 6, 7, 8, and 9. The tests were performed on a pump with a 
theoretical displacement of 0.283 gal per 100 revolutions. Oils 
with viscosities ranging from 200 SSU to 6000 SSU were used. 
Pressures ranged from 180 psi to 600 psi. The speed, torque out- 
put, capacity, temperature of oil and pressure differences were 
observed and the viscosity of the oil determined at various 
temperatures. 

In Fig. 6 the torque efficiency is shown as a function of the 


dimensionless parameter —. In Fig. 7 the reciprocal of the 
Pp 
volumetric efficiency is shown as a function of the dimensionless 


Hw 
parameter —. In Fig. 8 the reciprocal of the volumetric 
p 


Mw 

efficiency is again shown as a function of —, but the abscissa is 

in this case{ —]}] . In Fig. 9 the over-all efficiency is shown 


as a function of —. The quantities 8 and k are evaluated, 


assuming the quantity 7; to be negligible, from the data shown in 
Figs. 6, 7, 8, and 9. The solid line in Fig. 9 is computed on the 
basis of these values. 
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In Figs. 11 and 12 are shown the plottings of experimental data 
on the performance of a cam-type rotary pump operating in range 
3. The plotting in Fig. 11 of torque input as a function of speed 
is with constant pressure differential and approximately constant 
viscosity at intake. In Fig. 12 is shown a plotting of loss in de- 


livery as a function of the parameter oe, where w is the speed of 
Pi 


rotation of the shaft, for the same pump operating with a wide 
vange of intake pressures and viscosity. 


EVALUATION OF THEORY AND DaTA 


The data may be considered to provide a striking confirmation 
of the predictions of the theory concerning the performance 
characteristics of a conventional gear pump operating as a motor 
in performance range 2 and of the effect of high viscosity on a 
pump operating in range 3. The dimensionless plotting of the 


pw 
torque efficiency as a function of the parameter —, shown in Fig. 


6, is characterized by a close grouping of the points about a 
straight line as predicted by theory. The deviation of a small 
number of points representing runs at the lowest pressure used, 
namely, 180 psi, indicating as they do a considerable magnitude of 
the factor T./(pa), might well provide material for an interesting 
study of the pump mechanism. The volumetric efficiency 
plotted in reciprocal form in Fig. 8, shows an excellent approach 
to the straight line predicted by the theory. In Fig. 9 points 
representing data on the over-all efficiency show excellent agree- 
ment with the curve calculated from the values of 8, k, and e, 
which were evaluated by means of the previous plottings. 

As predicted by Equation [48], the maximum efficiency occurs 


very close to “=69%X 10-7, The peak efficiency with a few ex- 


ceptions lies in the range 58 to 67 per cent comparea with the 
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theoretical maximum of 63.4 per cent, computed by means of 
Equation [50]. a 
The use of the dimensionless performance curves in evaluating a cm 
particular design may now be studied in some detail. In Fig. 10 
are illustrated the particular features of these plottings which > 10 
make them extremely powerful tools in analyzing performance 
and planning improvements. For simplicity and ease of com- THEORETICAL Orscnanct 
parison with the experimental data, the case of a hydraulic motor ROTARY MOTOR 
is considered. 
In Fig. 10(a) is shown a graphical representation of the dis- e - 
charge characteristics of the unit on the basis of Equation [36] - 
which may be inverted for this purpose (a) 
B 
aw a 
This plots as a straight line on rectangular co-ordinate paper, with ROTARY MOTOR 
~ as ordinate and © as abscissa. The intercept on the vertical ro 
aw ap 


axis at — = 0 is necessarily unity, since — = 0 corresponds to 
pa 


either zero pressure difference, infinite speed, or infinite viscosity, 


each of which obviously necessitates zero slip or 2 = 1. The 


aw 
slope of the curve is ~, a physical characteristic of the unit which 
a 


is a dimensionless ratio. This ratio would be given, if all slip 
Passages corresponded to the idealized case in Fig. 3(a), by the 
quantity 


where r is the distance from the moving plate to the axis of rota- 


‘ 
tion, In the case of an actual unit this factor — will depend, as 
a 


indicated, upon the clearances, lengths of flow paths, and dis- 


(b) 
Fie. 10 


tances to the axis of rotation, for all the passages through which 
leaks take place. 


Similarly in the plotting of torque efficiency Rs versus 
pa 


: a straight line is expected, since the simplified expression ob- 
tained from Equation [35] for torque efficiency is 


k pw 


ap 


a p 


Ay 
OME” 
iy 
4 
: 
tit 
Ge 
4 
~ 
| 


INITIAL VISCOSITY 
14 000; seu ~ 


a 
a 
« 
o® 
INITIAL VISCOSITY 
| 2800 
2 | TORQUE CHARACTERISTIC 
> RANGE 
| 
1000 2000 


SPEED IN RPM 


Fig. 11 


Deviations of the actual performance from that indicated by 
the theory will occur if the clearances or alignment of the parts of 
the unit change, or if the nature of the flow in the unit is differ- 
ent from that assumed, e.g., turbulent rather than laminar. Such 
changes in clearances and alignment may be caused by pressure 
increase or decrease or by centrifugal effects due to speed changes. 

If in a test the viscosity and pressure difference are held con- 
stant at certain values during successive series of runs, one would 
expect the data to plot as series of points forming straight lines 
on both types of plottings, shown in Fig. 10. Deviations from 
the theoretical form of the plots may be of the nature to be 
indicated and have the significance stated. 

If the plotted data give points forming straight lines but the 
slopes vary from series to series this variation in slope must be 
caused by changes in the geometrical features of the unit by the 
pressure, since the viscosity was held constant. 

If the curves are not straight lines the reason may be either 
that the flow is not in the assumed regime, e.g., it is assumed 
laminar but actually proves to be turbulent, or the geometrical 
features of the unit change with speed due to centrifugal effects. 

If the plottings are parallel straight lines but the intercepts 
vary from series to series, the cause must be sought in changes in 
geometry due to pressure resulting in a change in mechanical 
friction. 


The significance of the parameter 4 is of note. Since the maxi- 


Mw 
mum efficiency occurs at a specific value of the parameter —, 


it is obvious that this maximum may be attained with vari- 
ous combinations of u, w, and p. For example, use of an oil of 
great viscosity will result in maximum efficiency at very low speed 
for a given pressure difference. The corresponding speed at a 
high pressure difference will be proportionately greater. Use of 
an oil of low viscosity will result in maximum efficiency at 
higher speeds for the same pressure difference. 

A general characteristic of hydraulic units operating with 
laminar flow is apparent from Equations [49] and [50] in that 
efficiency of the unit operated as a pump will always be the same 
as the efficiency of the unit operated as a motor, ife = 1. The 
difference in efficiency in the two cases will never be very great 
unless the mechanical friction is greatly different in the two cases. 

Specific details of the experimental data will be analyzed, keep- 
ing in mind the general principles previously set forth. 

The plotting of the data in Fig. 6 makes possible a determina- 


k\. 
tion of the coefficient k since (- *) is the slope of the straight 
a 
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line which is taken as a fair representation of the trend of the data. 
Deviations from the straight line may be due to at least two 
specific causes, as follows: 

1 Local heating of the oil due to energy dissipation causes a 
local viscosity far different from that measured at the discharge of 
the unit, thus placing operation in range 3 rather than in range 2 
as assumed. ‘ 

2 Variations in orientation and clearances of the elements of 
the unit and their lubrication during the runs cause changes in 
both the mechanical friction and the viscous resistance. 


. . ry’ 
The value of ¢ is given by thevalue of E'7 at “=0. The plot- 


ting of Fig. 7 shows an asymptotic approach of Q to the value 
aw 


Mw , 

unity as — increases as would be expected from the theory. l’ig.8 

gives the necessary information to evaluate 8 since the slope 


of the solid line is of 
Qa 


The interpretation of the factor ¢ is important since it repre- 
sents a major element in the design of hydraulic units. The value 
of « appears to be essentially a constant for much of the data and 
its nature as a factor, analogous to a coefficient of kinetic friction 
describing mechanical friction, appears to be confirmed since the 
coefficient of kinetic friction is practically independent of speed, 
pressure, and viscosity. Certain deviations from the expected 


are evident in the data, especially for runs at 180 psi, which might 
be interpreted as a change in ¢ but may better be explained on the 
basis of the neglected term of Equation [35]. The experiment- 
ally determined value of 0.80 for ¢ indicates a 20 per cent loss 
through mechanical friction in this particular pump. A con- 
siderable improvement in performance might be effected by & 


suitable change in design. 

It is also pertinent to point out that Equation [50] indicates an 
efficiency, which might well be termed the hydraulic efficiency, of 
better than 78 per cent, if « = 1, for all values of @ less than 
approximately 0.02. It is clear from a consideration of the ele 
ments of the pump geometry that a value of @ in excess of 0.02 
is a practical impossibility in even a poorly conceived design. 
The value of @ for the pump studied was approximately 0.013, 
which corresponds to an efficiency of approximately 79 per cent. 

A study of the equations developed reveals the effect of changes 
in the physical dimensions of the unit which might be made to 
alter the performance characteristics by changing either cleat 
ance or displacement or both. 

It is apparent that an increase in clearance results in 
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1 Decrease in k. 
2 Increase in 8. 


An increase in @ results in 


1 Increase in torque. 
2 Increase in capacity. 


However, it is pertinent to point out that a detailed analysis of 
the performance of a rotary pump as influenced by its geometrical 
features reveals that for any given value of rotor length and rotor 
diameter there is an optimum value for the clearance for best per- 
formance in range 2. It may be shown also that the performance, 
solely from a hydraulic standpoint, improves as the ratio of rotor 
length to rotor diameter is increased. There is of course an 
obvious limitation on this increase imposed by shaft deflection. 

The data for pump performance in range 3 reveals a number of 
interesting features. The plotting of torque as a function of 
speed shows the characteristic decrease in slope of the curve as 
the speed increases. The solid lines indicating the torque which 
would be expected for the given intake viscosity, if there were no 
local heating, were obtained from experiments at lower viscosi- 
ties. The solid curved line for the case of initial viscosity of 2800 
SSU was calculated to pass through one of the experimentally 


determined points thus evaluating the constant r of Equation 


(54] for the pump. The curved solid line for-the initial viscosity 
of 14,000 SSU was then calculated using the same constant. It 
is apparent that the agreement with the experimental data is as 
good as could be expected considering the approximate nature of 
the theory and the oversimplification involved in it. 


The relationship between loss in delivery and the parameter 
1 
is particularly interesting when it is realized that the plotted 
points represent a wide variation in viscosity, speed, and intake 
pressure. The effect of discharge pressure has been neglected in 
the plotting, hence one may expect that the scattering of points 
may well be due to some extent to this neglected factor. 
A detailed analysis of pump-intake geometry should lead to 
useful equations predicting the effeet on performance in so far as 
lost delivery with high viscosity is concerned. 


CONCLUSIONS 


On the basis of the experimental data the following conclusions 
may be derived: 


1 Predictions of the theory are borne out. 

2 Experimental data may be presented in a compact dimen- 
sionless form. 

3 Losses in efficiency may be traced readily and the causes 
determined. 

4 Hydraulic and mechanical factors in performance are 
shown in proper perspective and may be analyzed separately. 

5 Performance of units with fluids giving flows in the turbu- 
lent range may be expected to be subject to effective study by 
means of this theory and method of analysis of data. 
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Air-Gas Ratio Control Applied to 


Nonatmospheric-Pressure: Furnaces 


By H. C. McRAE,! CLEVELAND, OHIO 


For reasons of economy and efficiency, in the burning of 
fuel gases in industrial furnaces it is essential to maintain 
the air-gas ratio at approximately the correct point for per- 
fect combustion. Furthermore it is important to control 
the ratio of air flow to gas flow because of the effect of 
burned gases or atmosphere upon material being heat- 
treated. The author discusses in detail the various con- 
trol processes available, the equipment developed for the 
purpose, and analyzes the several control circuits, basing 
the work on the laws of low-pressure gas flow or noncom- 
pressible flow. 


INTRODUCTION 


N the process of burning fuel gases in the combustion cham- 
ber of an industrial furnace, usually the approximate amount 
of air required for perfect combustion is introduced along 

with the gas in some form or another. For the purpose of fuel 
economy alone, at elevated temperatures, the air-gas ratio must 
be held close to the proper amount. Aside from this reason, it is 
important to control the ratio of air flow to gas flow because of the 
effect of the burned gases or atmosphere upon the material being 
heat-treated. Sometimes the reaction produced by a small 
amount of excess air is desirable, while in other applications a de- 
ficiency of air may produce the desired result. Of course the air 
may be introduced as primary air, that is, air which is mixed with 
the gas before reaching the combustion chamber, or as secondary 
air which mixes with the gas as it is burning. ‘Free’ air from 
the atmosphere is often used for a source of secondary air. In 
this case the air enters directly through ports in the furnace wall 
because of furnace draft, or this air may be induced by the mo- 
mentum of the mixture of primary air and gas through a burner 
port which is discharging into an opening in the furnace wall. 
The quantity of free secondary air is difficult to control because it 
is so easily affected by small changes in furnace pressure and 
therefore that application is excluded from this discussion. 

For manual or automatic control of temperature a variable 
heat input is required. In batch-type furnaces a high heat input 
is used to heat up a cold furnace or to heat up a coldload. As the 
desired temperature is reached the heat input is decreased until 
it just balances the losses of heat through the furnace wall and 
out of the flue. In continuous furnaces a variable heat input is 
used to maintain a variable loading at a constant temperature. 
Variable heat flow means variable gas- and air-flow rates. Main- 
tenance of the correct air-gas ratio with variable demand of heat 
flow and with variable furnace-pressure conditions, then, is the 
subject under discussion. 

The amount of air required for perfect combustion of natural 
gases is approximately 10 parts to 1 of gas and for manufac- 
tured gases is about 5 parts to 1 of gas. These two gases are the 


' Research Engineer, The North American Manufacturing Com- 
pany. 

Contributed by the Process Industries Division and presented at 
the Annual Meeting, New York, N. Y., November 26-29, 1945, of 
Tue AMERICAN SociETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


385 


ones most commonly used, although there are others which require 
more air and some which require less air. Air is therefore con- 
sidered to be the principal fluid because of its greater quantity. 
This means that the energy required for the mixing process and 
delivery of the mixture to the furnace can best be obtained from 
the air stream rather than from the gas stream. Another reason 
for considering the air to be the principal fluid is that it may be 
conveniently compressed to a pound (per square inch) pressure or 
so by the use of the proper blower while gas is frequently furnished 
at only a few ounces (per square inch) pressure. Occasionally, 
high-pressure gas of several pounds pressure is available, in which 
case the energy from the gas stream may be used to induce free 
primary air from the atmosphere, but here again as in the use of 
free secondary air, the air-gas ratio is upset easily by changes in 
furnace pressure. The use of free air is therefore not considered 
here. The following discussion assumes that air may be furnished 
at a pressure of !/, to 2 psi, whether it be primary or secondary air. 


AIR 
—= 


Fie. 1 


The gas pressure available will be considered as three distinct 
cases, low, medium, or high pressure, and may affect the type of 
control to be used for air-gas ratio control. The low-pressure gas 
will be reduced to zero pressure or approximately so. Medium- 
pressure gas will be higher than this, but not as high as the 
air pressure furnished. High-pressure gas is available at as high a 
pressure as the air pressure or higher. 

The air-and-gas-mixing apparatus or, simply, ‘‘mixer’’ is the unit 
where the gas and air are brought together and where the mix- 
ing process has begun but may not necessarily be completed. 
In the use of secondary air the mixer is installed in the furnace 
wall and is usually called the burner, although for purposes of 
discussion here it shall be considered a mixer. A primary-air 
mixer discharges the mixture of air and gas to a piping manifold 
where it is delivered to a single burner or a multiplicity of burners. 
In either case, there are recognized three distinct classes of mixers. 
This classification is based upon the effect of the air flow on the 
gas flow, that is, whether the air tends to help or hinder the flow 
of gas. This effect may be measured by discharging the mixer 
into the atmosphere and turning off the gas supply. The result- 
ing pressure obtained at the gas entrance, which is produced by 
the air flow, is the key to the classification. If the pressure so 
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obtained is zero or very nearly so, as in Fig. 1, this type is defined 
as a neutral mixer. On the other hand, if a back pressure is ob- 
tained on the gas connection this is called a back-pressure mixer 
asin Fig. 2. Fig. 3 is an ejector-type mixer which produces suc- 
tion on the gas and tends to help the flow of gas. When either 
back pressure or suction is produced, these values are, in general, 
proportional to the air-pressure supply to the mixer and, indeed, 
must be so in order to function as a part of the air-gas-ratio con- 
trol. 


AIR MIXTURE 


GAS 


Fic. 3 


If, instead of discharging the mixer into atmospheric pressure, 
it is discharged into a region of back pressure caused by the resist- 
ance to flow of a burner or caused by the combustion process 
itself, the back-pressure effect of a mixer will be increased, or the 
suction produced by an ejector mixer will be decreased. As long 
as the back-pressure effect which is downstream from the mixer is 
constant, it has no detrimental result on the air-gas ratio control, 
but if this back-pressure effect should become variable, then spe- 
cial allowances must be made in the ratio-control circuit in order 
to maintain air-gas ratio consistency. In fact, it will be shown 
how the difference between a constant and a variable back- 
pressure effect calls for a fundamental difference in the type of 
air-gas ratio control to be used. 

In keeping with the two types of back-pressure effect from the 
downstream of the mixer, there correspond two classes of furnace- 
pressure conditions. The first class, a standard-pressure furn- 
ace, is defined as one which either has an atmospheric pressure or a 
back pressure which is in proportion to the mixture pressure being 
delivered to the furnace by one burner or a group of burners all 
under the same throttling control. The use of large flue areas 
and little or no stack effect will maintain zero pressure in the 
combustion chamber. If a stack is used, an automatic damper 
control may be installed to maintain zero pressure. Again, in the 
absence of stack effect, but with limited flue openings, a back pres- 
sure is created in the combustion chamber due to the combustion 
process; however, as long as there is only one throttling control, 
this back pressure will be in proportion to this throttling-control 
pressure. With the use of more than one throttling-control on 
one furnace there is a tendency for interference of one control 
upon another. 

The other type of furnace-pressure condition is called a special 
pressure furnace and is defined as one which is not standard. This 
type of pressure is usually variable but may be constant at any 
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value other than zero. The class of special pressures may be 
produced by the use of a stack, fan, or an extraneous throttling- 
control system discharging into the combustion chamber of 
the control group under discussion. Of course the two classes of 
furnace pressures are relative, not absolute, depending upon the 
amount of deviation of air-gas ratio that is allowed. In other 
words, a standard-pressure type of control may be used on an 
application with a small variation in pressure as long as the corre- 
sponding change in air-gas ratio is permissible. 


ANALYSIS 


At this point it is advisable to review the fundamental gas-flow 
laws before attempting to analyze the various control circuits. 
These laws of low-pressure gas flow or noncompressible flow are 
not exact but are close enough for commercial application. The 
following terms will be used in the analysis: 


= volume rate of flow 

= gage pressure 

= specific gravity 

= resistance to flow 

= general bleed constant 

= mixer constant 

B, C, D, F, G, H, L, M = general constants 


Subscripts: 


u refers to upstream 

d refers to downstream 

1 refers to air stream 

2 refers to fuel-gas stream 

3 refers to air-gas mixture stream 
4 refers to combustion chamber 
v refers to bleed valve 

o refers to bleed orifice 


Any consistent set of units may be used. 


The first law of gas flow states that the volume rate of flow of 
gas (or weight rate of flow if the gas is considered incompressible 
is proportional to the square root of the pressure drop or pressure 
differential across any resistance to flow, such as an orifice plate, 
Venturi, valve, pipe fitting, etc. This is a common law applied 
in the metering of gas flow. It is also applied in controlling air- 
gas ratio. A set of differential pressures indicating air flow and 
another set of differential pressures indicating gas flow are made 
to oppose each other through various arrangements of dis- 
phragms.? Thus a balance of differential pressures is maintained, 
which results in a constant air-gas ratio. While it is easily 
understood how control of the air-gas ratio is obtained using dif- 
ferential pressures, it is much more difficult to understand the 
control of air-gas ratio by single impulse pressures when used in 
connection with the various types of mixers and furnace-pressure 
conditions as heretofore descfibed. If the downstream of an 
orifice plate is discharged: to a known pressure region such as the 
atmosphere, the upstream pressure tap will indicate flow by 
itself, since the downstream pressure is known without measure- 
ment. In this case the upstream pressure tap becomes the single 
impulse pressure, by means of which the air-gas ratio must be 
controlled. 

The other gas-flow law is that the volume rate of flow is in- 
versely proportional to the square root of the specific gravity of 
the gas. Combining the two gas laws 


2“*Multiple-Diaphragm Pressure Regulators and Their Applica- 
tion,’’ by H. C. McRae, Instruments, vol. 17, September, 1944. pp. 
529-531. 
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It is convenient to express the constant of proportionality as 
V 1/R, since the laws have the square-root form and the resistance 
concept to flow is similar to that used in the electrical, magnetic, 
thermal, and stress fields. Then, the general law of low-pressure 
gas flow is 


Q = 
RS 


Any set of units may be used, the resistance unit being defined 
from the other units. From analogy to the electrical field, resis- 
tances may be combined? in series and in parallel. Likewise, 
both of Kirchhoff’s laws of electrical networks may be used for 
gas-flow circuits; namely, (1) the algebraic sum of the gas flows 
in all the pipes that meet at a point is zero and (2) the total 
change of pressure around any closed circuit is zero. The re- 
sistance form of gas flow and Kirchhoff’s first law will be used in 
the following analysis to prove that the various control circuits 
do maintain a constant air-gas ratio for variable flow rates. Of 
course in practice the various control circuits were derived from 
the analysis. 

Although there are several types of control circuits for air-gas 
ratio control, using single impulse pressures, all of them are de- 
rived from the basic form shown in Fig. 4, which is called the 


P. 
ORIFICE 
VALVE \ TO AIR-GAS MIXTURE 
FLOW FURNACE 
R R 
v ° 


TO GAS REGULATOR 


CONTROL 


Fic. 4 


It must be understood that the bleed mecha- 
nism or any of its derivatives is only a small branch of !/,-in. or 
‘in. pipe size, going from the main air pipe and usually some 
point of lesser pressure such as the air-gas mixture pipe, the 
combustion chamber, or the atmosphere, to the gas-pressure 
regulator control. Before the complete control circuits can be 
analyzed it is necessary to develop the following mathematical 
expressions for the general bleed and other bleed systems. 

In Fig. 4 the pipe line going to the gas-regulator control is 
dead-ended; that is, there is no steady flow of air in this line. , 
Therefore the flow rate through the valve must be equal to the 
flow rate through the small orifice 


RS, RS, 


Solving this equation 


“yveneral bleed.” 


Let 
Ro 
A 
R, + Ro 
and, therefore 
R, + Ro 


7 * “Low Pressure Gas Flow Analyzing by a Resistance Theory,” by 
»C. McRae, Industrial Gas, vol. 19, March, 1941, pp. 17-20. 
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Rewriting the value of the gas controlling pressure 


whereO 
Equation [1] is the mathematical expression for the general 
bleed, stating that P, is always a fixed ratio difference between 
P, and P3, regardless of the rate of flow or how P, and P; may 
vary during the control cycle. Since the bleed valve is set once 
and for all at the beginning of an installation to conform to the 
particular requirements of the application, R, and therefore A are 
constant in the control cycle. 
The various types of control are derived from Equation [1] by 
fixing definite values for A and P;. For the conditions 
0<A<1 andP; #0 


a double connection is required to contrel the gas (both to P; and 
P;) and hence the name, ‘‘double bleed.” If 


A=0O and P; #0 
For this case the bleed valve is closed or R, = ©. In practice 


the bleed valve and orifice are not used, since it is necessary to 
use only a single pipe to connect the air-gas mixture pressure, P;, 
to the gas-regulator pressure, P,. This class of control is called 
the “reduced cross connection.” 

The gas-control pressure may also be connected to the combus- 
tion chamber, in which case 


This type of control is called ‘‘cross connection to furnace.” In 
fact, if the mixer is mounted directly on the furnace and the air 
is used as secondary air, the mixture pressure, P;, becomes the 
furnace pressure, P,. In other words, this case is derived from 
the previous case. 

Again, for the condition 


P, = AP,, P; = 0,0< A [5] 


the bleed orifice is discharged directly into the atmosphere. This 
case is called “single bleed” or abbreviated to simply “bleed.” 
In addition, if A = Oand P; = 0 


(6) 


This ‘zero gas” is the most commonly used type of control; the 
gas-control regulator need only be vented to the atmosphere and 
no pipe interconnections between the air and gas are necessary. 
The last type of control is derived either from the single or the 
double bleed, since P; may or may not be zero, because A = 1 


This is called “straight cross connection.’”’ For this case the 
bleed valve is open wide with no resistance; R, = 0. Again, 
in practice, this is equivalent to a single pipe connection between 
the air pressure and the gas-control pressure. 

The foregoing control classifications give all the necessary com- 
binations in air-gas ratio control by single impulse pressures to 
cope with the various types of mixers, gas pressures available, and 
furnace-pressure conditions. There are a few other miscellane- 
ous control types, such as connection of the gas-control pressure 
to the air and to a gas-pressure point just upstream from the 
mixer, but these controls only duplicate, in need, what has already 
been derived. Table 1 is constructed for convenience to sum- 
marize the various controls and show their relationship. It will 
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TABLE 1 


TRANSACTIONS OF THE A.S.M.E. 


SUMMARY OF VARLOUS CONTROLS AND RELATIONSHIP 


|General bleed | 
Equation [1] | 
P: = APi + (1 — A)P3! 
0s 45 1 | 


5 


Double- bleed 
Equation [2] 


\Single-bleed 


Straight cross connection | 
{Equation [5] 


Equation [7] 


| 


| 
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P2 = + (1— A)Ps = Py 
O<A<1 A=1 


|———- 


Reduced cross connection 
Equation [3] 
Ps 


A=0 P3# 0 


Cross connection to furnace | 
Equation [4] | 
= Ps 

| 


A=0 Pi #0 


be shown later how the branch on the right side is used for stand- 
ard-pressure furnaces, while the left branch is used for special 
pressure furnaces. 

Fig. 5 shows the general arrangement of the air and gas piping 
with the exception of the bleed control itself. As previously 
mentioned, the mixer and the burner may be only one unit in- 
stead of two separate units as shown. It is important to notice 
the function of the gas-pressure-regulator control. This device 
is sometimes called a ‘zero governor” or “atmospheric regula- 
tor.’ It is nothing more than a diaphragm-operated pressure 
regulator‘ which controls the gas-discharge pressure to be equal 
to the impulse pressure imposed from the bleed control, providing 
of course that the gas-supply pressure is high enough. The con- 
trol valve is adjusted according to heat-input demand. Thus 
the air pressure, P;, and air-flow rate are being adjusted continu- 
ously, while likewise the gas-flow rate must remain in step with 
the air flow through the application of the proper bleed control 
and the gas regulator. 


4 “Simple Pressure Regulators—Principal Types and Their Char- 
acteristics,’’ by H. C. McRae, Instruments, vol. 15, February, 1942, 


\P2 = AP, | 
| 
|Zero gas 
|Equation [6] 
= 0 | 


A=0 


Fig. 6 shows the diagrammatic layout of the circuit in Fig. 5; 
R, represents the resistance to flow of air in the mixer and R; is 
the resistance to gas flow in the mixer, including a gas valve for 
air-gas ratio adjustment. Term &; is the resistance of the burner. 
The expression, K, (P, — P3), is the suction or back-pressure 
effect of the air on the gas flow as discussed under the subject of 
mixer classification. The corresponding effect of the gas on the 
air flow is K,(P, — P 3). The value of AK, determines the mixer 
classification: For A, = 0, a neutral mixer; for K,; < 0, a 
back-pressure mixer; and for A; > 0, the mixer is the ejector 
type. 

The air flow through the resistance, R,, is 


R,S, 


The gas flow_rate is 


+ K:(P,; — P;) — P; 
Qe = 
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For the experimental determination of K2, the gas flow is cut 
off. Then Q, = 0 and 


P, + — Ps) — = 0 


P, — P. 
K; = — peony (no gas flowing) 


In a similar manner, with the air cut off 


2 
; (no air flowing) 

In the case that the mixer and the burner become one unit, 
combustion may affect the K values. For this case the K values 
will have to be determined under actual combustion and by meter- 
ing the air- and gas-flow rates; however, P; is replaced by P,. 

From the foregoing air- and gas-flow rates the air-gas ratio is 


Q: (ES) + — — (8] 
Qs R,S,/ UP: + — Ps) — Ps 
Since R,, Ry, S;, S:, Ki, and K, are constants, it is only necessary 
to eliminate the pressure terms, which vary in the control cycle, 
to prove that the air-gas ratio is constant. 
Taking a simple case to illustrate the method of proving air- 
gas-ratio constant, consider a neutral-type mixer discharging into 


a zero-pressure furnace. In this case, Ay = Az = P; = 0. 
Equation [8] becomes 


Qi _ 
Q: NARS] \P: 


Let Ps = AP, be the control chosen, which is a single bleed or 
straight cross-connection for A = 1. After substituting this 
value for P, 


Consider a standard-pressure furnace for which Py = O or in 
the case that Py is proportional to P;, the furnace resistance to 
flow may be included in the burner resistance and the flue gases 
are discharged from the furnace to the atmosphere or zero pressure 
anyway. In other words, for standard-pressure furnaces the 
downstream resistance from the mixer is constant. Then, for 
this case: Py = O and R,, Re, R3, Si, Se, S; are constant. The 
control chosen is P; = AP, which is the single-bleed, straight cross 
connection for A = 1, or zero gas for A = 0, The pressure, P;, 
must be proved to be proportional to P;, before Equation [8] may 
be used. Equating the sum of the air and gas flow to be equal to 
the mixture flow 


RS, 


Using the values just given for Pz and P, 


— Pit — Kis —P, + K.P, — 
RS, RWS» 


This equation may be written in more simple form by the use of 
general constants, since the actual value of P; is not needed 
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V FP, + GP; + VBP, + DP, = VHP, 
After squaring this equation twice and combining the proper 
terms in order to eliminate the radicals 
(F + B)P, + (4 + D— H)P,}* = 
4(BFP,? + (DF + BG)P,P; + DGP,?} 


Again, simplifying by using general constants 


P? + LP,\P; + MP? =0 


or 


V — 4MP? | 
3 = = 


2— 4h 
Lv |p, 


2 2 


and finally 
P; = CP, 


Now Equation [8] becomes 


+ AK, — CK, — 
Q N\RS,/LA + K:—CK:—C 

which is constant and independent of the control pressure P;. 

Since it is proved that zero gas produces constant air-gas rativ 
for standard-pressure furnaces or zero-pressure furnaces, this case 
may be easily extended to prove that cross connection to furnace 
holds constant air-gas ratio for special pressure furnaces. These 
two cases become equivalent ‘vhen all the pressures in the latter 
case are referred to P,, the furnace pressure, as a base instead of 
the atmosphere or gage pressure. In other words, since P; = 
P,, P: will always be zero if referred to its value exceeding P,. 
Likewise, P; and P; take on new values that differ from their old 
gage values by the same amount that P, differs from zero gage 
pressure, 

Now consider the general case of special-pressure furnaces. 
Both P, and R; become variable for this case, although R,, the 
burner resistance, is not usually varied purposely but may vary 
slightly with temperature change. Psy is no longer proportional 
to P, and therefore the single-bleed will not hold constant air- 
gas ratio. Choose 


P,; = AP, + (l1— 


the double bleed control, the reduced cross connection for A = 0, 


or the straight cross connection for A = 1. Equation [8] be- 
comes 
TABLE 2 TYPE OF CONTROL FOR GIVEN APPLICATION 
ee Mixer / Gas pressure Standard pressure Special pressure 
classification | available furnaces furnaces 
a 2 Cross connection 
Low Zero gas to furnace 
Cross connection 
| Zero gas to furnace 
Medium | Reduced cross 
Ejector type Single bleed connection 
Double bleed 
Zero gas 
High Straight cross 
Straight cross 
connection 
No method No method 
Low available available 
tral 
6 Medium Single bleed Double bleed 
t 
— High Straight cross Straight cross 
connection connection 


4 
tha 
P P 
RS; 
3 


— Ps) + + Ps— APs 


(Pi — Ps) + Ps) 


A(P, — P3) + KP, — P3) 


RS, 
RS, 
Table 2 shows the type of control to use on any given applica- 


tion. The use of the single bleed and the double bleed have been 
avoided when possible, although these types of control sometimes 
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have to be used to obtain a sufficient quantity of gas. The reason 
for avoiding these controls is because of the necessity of adjusting 
the bleed valve properly to get just the sufficient amount of gas 
pressure without exceeding the gas-supply pressure minus the 
pressure drop through the gas regulator. All of the other con- 
trols require only a single pipe connection to the gas regulator 
without any adjustments. The zero gas system is the most popu- 
lar, because in this case no connection need be made to the gas 
regulator, and there is always a sufficient supply pressure for this 
control. 

Figs. 7 to 11, inclusive, show the complete circuit for some of 
the most frequent applications. 
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ELBow CoMBUSTION CHAMBER 


The Elbow Combustion Chamber 


By M. A. MAYERS! ano W. W. CARTER,? JEANNETTE, PA. 


A description is given of the ‘“‘elbow’’ combustion cham- 
ber, developed for use in the gas-turbine power plant de- 
signed and built for the United States Navy by the Elliott 
Company. This type provides extremely high heat-release 
rates which is an essential characteristic for gas-turbine 
applications. The fuel-oil-burning system which utilizes 
standard Diesel fuel-injection equipment has been devel- 
oped to a high point of efficiency, and may be varied over 
a range from full load to o full load without material 
change in quality of atomization. The paper discusses in 
detail the air-flow characteristics, fuel supply, ignition and 
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control devices, and analyzes the combustion-chamber 
performance-test data. 


HE “elbow’’ combustion chamber was developed for use in 
", a gas-turbine power plant designed and built for the 

U.S. Navy by the Elliott Company during the period 1942- 
1944. It has turned out to be exceptionally adapted to gas- 
turbine use in that it permits heat-release rates of 2.5 X 10° Btu 
per cu ft per hr, with air supplied at 95 psia, and 650 F, when it 
requires a pressure drop of only 16 in. water column; it permits a 
“turndown” to !/2 of full load; and is extremely insensitive to 
fuel-air ratio. As shown in Fig. 1, it consists of a right-angle 
elbow in a duct, of which the upstream arm is smaller in di- 
ameter than the downstream one. The upstream end of the large 
arm which forms the combustion chamber proper, is closed by a 
head which carries an “ignition cone,” the fuel-oil burners, an ig- 
niter burner, and the “flame-rod” or contact member of the 
flame-sensitive controller. The chamber contains no inner shell 
separating combustion air from tempering air, and all the air in 
the gas-turbine circuit is supplied to the chamber without the 
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necessity for separate control of combustion air. Fuel is supplied 
to the chamber through standard Diesel fuel-injection equipment, 
producing a pulsating fuel flow which on a sinvle burner may be 
varied over the range from full load down to !//» full load without 
material change in the quality of the atomization. The rate of 
fuel flow is controlled by adjusting the position of the control rod 
of the Diesel injection pump. 


Gas-TURBINE COMBUSTION-CHAMBER REQUIREMENTS 


The Elliott gas turbine was designed from the basic premise 
that such an engine, to be a successful prime mover, must have 
an efficiency comparable with those of others with which it would 
compete. To accomplish this aim, it was necessary to provide 
heating of the working medium in two stages, one before the first 
stage of expansion and a reheat after this; and to reduce the 
parasitic losses associated with the combustion chambers to a 
minimum. The thermodynamic advantages to be gained by re- 
heating have been treated elsewhere (1) and need not be repeated; 
the process does, however, entail the necessity of supplying heat 
to a flue gas, resulting from the combustion in the initial, or high- 
pressure combustion chamber, which may contain 2.7 per cent 
carbon dioxide, 2.6 per cent water vapor, and whose oxygen con- 
centration may be reduced to about 16.5 per cent. 

It may not at first be apparent why the pressure drop in the 
combustion chambers, as well as in the ducts and heat exchangers, 
must be so severely limited. The loss in gross turbine work is 
proportional to the ratio of the pressure drop to the absolute 
pressure at which it occurs and thus does not appear to be seri- 
ous. Only a portion of the gross turbine work appears as useful 
output, this fraction being represented by the work ratio, a@ (1). 
The proportional loss of net turbine output due to parasitic losses 
is inversely proportional to a and may be therefore from 2.5 to 
4 times as great as the loss in gross turbine work. 

Since this machine was designed for naval ship propulsion, it 
was necessary for it to operate over a wide range of loads. The 
cubic relation between speed and power in ship propulsion, coupled 
with the fact that the gas turbine is governed directly by the rate 
of heat input, demands a high degree of flexibility in the fuel- 
burning system. Fig. 2 shows how the fuel-burning rate, and 
the power output depend upon the propeller-shaft speed. For 
maneuvering at speeds down to 45 per cent of full-power speed 
the high-pressure chamber must operate stably over a range of 
burning rates of 10 to 1; while for the design conditions of speeds 
down to */; of full the turndown must approach 20:1. Conven- 
tional marine practice of changing the tips or spray plates of fuel 
burners is not acceptable for this application, since burner removal 
from chambers operating under pressures greatly exceeding atmos- 
pheric could hardly be made rapid enough. 

Associated with the need for wide-range characteristics of the 
fuel-burning equipment is the necessity that it be insensitive to 
over-all excess air. It is evident from Fig. 2 that the air-to-fuel 
ratio covers an extreme range from 600:1 in the low-pressure 
chamber to about 120:1 in the high-pressure chamber. In addi- 
tion, variations in operating ‘conditions such as weather, draft of 
vessel, etc., might impose variations about the curve of air-to- 
fuel ratio, at any value of speed, of 10-25 per cent. Previous 
chambers (2) had used separate control of combustion air to meet 
this type of difficulty. In the present instance this solution was 
unsuitable because air was supplied to the chambers at such high 
temperatures that valves or dampers could hardly be expected to 
operate reliably, and because of the stringency of pressure-drop 
restrictions. 

It is desirable that the combustion chambers for gas-turbine 
plants permit very high heat-release rates; in fact, the possibility 


3 Numbers in parentheses refer to the Bibliography at the end of 
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that this may be secured is one of the main attractions of the 
internal-combustion gas turbine. It was, moreover, believed to 
be essential that these combustion chambers operate with a per- 
fectly clean discharge, as the effect of soot, smoke, or gaseous 
products of incomplete combustion on the turbines and heat- 
transfer surfaces could not be predicted. The requirement of 
clean discharge also made it undesirable to leave exposed surfaces 
of nonmetallic refractories in the combustion chamber, since 
spalling or dusting of such material would foul the gas stream. 
Of course, safety, reliability, and convenience in operation, as 
well as ease and accessibility for necessary repairs are also desir- 
able characteristics. 


CHARACTERISTICS OF ELBOW-TYyPE COMBUSTION CHAMBER 


Air Flow. The air, on entering the main combustion chamber 
through the side inlet, follows the flow pattern characteristic 0! 
flow through an elbow in a pipe line (3), producing a double-vortex 
system. The two vortexes lie on either side of the center line o! 
the inlet duct and have opposite senses of rotation. When the 
chamber is in operation the centers of these vortices appear ss 
two bright spots to an observer looking upstream from the outlet 
of the chamber. 

The strength of the vortex system is enhanced by making the 
diameter of the inlet duct less than that of the main chamber. 
While exact limits of this ratio have not yet been established, it 
has been found by model tests that the vortexes become less stable 
and show more tendency to break down into a single vortex hav- 
ing relatively undisturbed laminar flow, when the ratio of the 
diameters becomes greater than 0.6. The same kind of break- 
down is produced by eccentricity of the inlet, or departure of the 
inlet center line from an extension of a radius of the combustion 
chamber proper. 

A portion of the air entering the chamber is trapped behind the 
edge of the ignition cone which projects across the inlet air 
stream. Some of this air flows into the cylindrical part of the 
ignition cone through the slots shown in Fig. 1, producing a ring 
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vortex which has been shown to stabilize the ignition of fuel 
sprays (4), by some such mechanism as the following: Air from 
the slots in the ignition cone, on meeting the back wall of the 
ignition cone, turns radially outward, causing the formation of 
a vortex ring whose sense of rotation is such that the flow through 
the center of the ring is upstream. This causes the ring to take 
up a fixed position in relation to the back wall into and out of 
which air passes without affecting the stability of the vortex 
system as a whole (5). Thus the vortex ring is similar to a smoke 
ring, except that it is fixed in position and is continuously replen- 
ished. The entering air which has swept over the fuel spray 
injected into the chamber, carries with it a portion of finely atom- 
ized oil and oil vapor which serves as fuel for a continuously re- 
generated pilot flame established in the vortex ring. 

The pilot flame formed by the vortex ring probably serves as a 
source of heat and of “active centers’’ to initiate the combustion 
of the main oil spray with the remainder of the air flowing through 
the ignition cone. Under conditions of very low oil-air ratio this 


. 
small amount of air may be sufficient to burn the oil completely 


within the ignition cone, itself; but at higher loads, this protected 
region serves only as a space within which the whole mass of fuel 
may be vaporized and ignited. It should be noted that no rota- 
tion about the axis of the chamber is imparted to the flow through 
this cone. In every instance in which such rotation was pro- 
duced, drops of burning oil were thrown against the walls of the 
cone, which eventually produced coke deposits. 

The mass of ignited fuel issuing from the ignition cone appears 
to flow into the centers of the two vortexes formed by the main air 
flow, in which their combustion is completed. Observation of the 
bright spots formed by the double-vortex system shows that their 
size depends on the load, or rate of burning oil. At medium loads, 
large enough so combustion is not complete within the ignition 
cone, the spots are quite small and are clearly separated. As the 
load increases they increase in size until the two spots nearly 
touch. One might imagine that the flow out of the cone is di- 
rected into the centers of the vortices and that the burning fluid 
diffuses radially out from these centers to an extent determined by 
the amount of air required to complete its combustion. It has 
been suggested (6) that the reduction in static pressure at the 
center of a vortex (7) may be the agency which produces such a 
directed flow. 

That some mechanism, such as that just suggested, governs the 
operation of the chamber can scarcely be doubted. At no time 
has there been evidence of incomplete combustion such as would 
result from the quenching of the burning by too great an amount 
of excess air, even though the chambers have been operated at 
air-to-oil ratios as great as 600:1. Moreover, the temperature of 
the flame, estimated from visual observation of its color, must be 
of the order of 3000 F, a value associated with combustion with 
only a small excess of air. Another observation, which helps 
to show that only the portion of the air that penetrates nearly to 
the center of the vortexes takes part in the combustion of the fuel, 
is that the air in the outer filaments of the vortex flow, which 
sweeps the walls of the combustion chambers, remains cool in the 
sections of the chamber in which rapid combustion occurs and 
serves to cool the metallic walls. This portion of the air rises in 
temperature some distance downstream and is eventually mixed 
by the residual vortex motion with the combustion air proper. 

This characteristic of the elbow combustion chamber makes it 
almost unique among high-duty chambers; other types, which 
depend upon partial admission of air into the combustion space 
vented through liner walls, thereby make the liner wall behave 
like a ported gas burner except that in this case flames of air 
in a fuel-rich atmosphere are set up. The proximity of these 
flames to the chamber wall leads, of course, to overheating of the 
liner. In the elbow chamber no such overheating or warping of 
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the chamber liner has ever been observed; tests, described below, 
indicate that no point on the inner shell rises more than 300 deg 
F above the outlet gas temperature even though it is exposed to 
direct radiation from a dense flame. 

Fuel Supply. Fuel is supplied to these combustion chambers 
by means of commercial types of Diesel injection equipment. 
Number 2 Diesel oil is pumped through wound cartridge filters 
made by Commercial Filter Corporation under the trade name 
“Fulflo,” to the inlet of 8-cylinder pumps made by the American 
Bosch Corporation. The discharges of all eight cylinders of each 
pump are led through !/s-in. X !/,-in. hydraulic tubing to a high- 
pressure manifold in which the lines are brought together. From 
here they pass through '/,-in. X '/:in. hydraulic tubing, to a 
single water-cooled fuel injector, of a standard design produced 
by Aircraft and Diesel Equipment Corporation. Thus each 
pump, header, and injector combination forms a single burner 
unit. 

The injection pumps have cylinder bores of 10 mm and actual 
plunger strokes of 10 mm. The plungers are cam-actuated so as 
to have essentially constant velocity over the effective or delivery 
part of the stroke, which can be varied by changing the point at 
which a relief port is uncovered by the plunger. Thus fuel is 
delivered at a constant rate during a short variable time interval. 
The volume of fuel per injection is directly proportional to the 
length of the time interval during which injection of fuel occurs 
and is controlled by the position of a pushrod which simultane- 
ously fixes the effective stroke of each plunger. Since the maxi- 
mum duration of injection from each pump cylinder is 26 deg 
of camshaft rotation, while the interval between the start of each 
succeeding injection is 45 deg, it is evident that the discharges do 
not overlap. The pumps are driven at a constant speed of 1200 
rpm, producing a frequency of injection through each burner of 
9600 per min, or 160 per sec. Thus the time interval between 
the start of each injection is 6 milliseconds, which is short enough 
to assure stable flame, without pulsations, when the fuel is dis- 
charged into the ignition cone previously described. 

The Adeco injector mentioned previously, contains a spring- 
loaded differential-area valve which opens when the fuel-oil line 
pressure reaches 3300 psi. This valve insures clean sharp dis- 
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charges and prevents “dribbling” between pulses. The injector 
is equipped with nozzle tips whose construction is shown in Fig. 3. 
By this means the advantages of the fine atomization and uni- 
form distribution produced by a whirling cone spray, used con- 
ventionally in large mechanical-atomizing oil-burner nozzles, 
were secured for the spray from a Diesel injector. The discharge 
orifice is set at an angle to the axis of the tip to permit inserting 
two injectors in the same ignition cone with their tips not more 
than 1 in. apart, and having them discharge axially down through 
the same cone. The tips are installed in the injector by means of 
a jig which insures the correctness of their orientation, while the 
injectors are held in the chamber by a fixture built into the burner 
support. Since fuel is delivered to the injector,at a constant 
instantaneous rate during the injection interval, the atomizing 
energy is constant from maximum to minimum capacity and good 
atomization is obtained over the full range. 

Ignition and Control Devices. The head of the chamber also 
carries a spark-ignited gas-fired igniter burner, and the support 
for the “Flame-rod” or sensing element of the controller, made 
by Wheelco Instrument Company, which insures that fuel will not 
be supplied to the chamber in the absence of a source of ignition. 
This device uses the electrical conductivity of the flame to balance 
a bridge circuit, allowing a relay to close. This felay may be con- 
nected, as shown in Fig. 4, to hold open a valve for gas supply 
or to close contactors supplying power to the injection pumps. 
If the conductivity of the circuit including the Flame-rod is either 
above or below that of the flame the relay opens, cutting off 
power from these operations, and lighting a signal lamp. The 
Flame-o-trol, or measuring and contro] element of this device, 


FLAME-CONTROL CIRCUIT 


which is mounted on the main operating panel board of the yas- 
turbine unit, is by-passed at starting by depressing a push button 
which simultaneously opens the gas-supply valve to the igniter 
burner and applies a sparking voltage to the electrodes of the 
igniter. 

The igniter burners are supplied with a propane-and-air mix- 
ture formed in a Venturi mixer; propane is supplied from com- 
mercial tanks. Air to the mixer, and cooling air to the Flame-rod 
holders is supplied by the high-pressure compressor of the gas- 
turbine set. A small portion of the discharge of this compressor 
is drawn off from the main discharge duct ahead of the regenera- 
tor, passed through a small aftercooler, and is supplied to these 
auxiliaries. The air- and gas-piping diagram of these devices is 
shown in Fig. 5. 

Sight glasses are mounted on the combustion chambers at con- 
venient points to permit observation of the flame. Those in- 
stalled in these chambers do not, unfortunately, permit remova! 
of the glass while the chamber is under pressure, but the sight 
glasses designed for the future will. To date, no glass has ever 
broken in service. 

Materials and Construction. The inner shell of the chamber, 
which acts merely as a shield to prevent abrasion of the internal 
insulation by the gas stream and takes no pressure load, is of 25 
per cent Cr, 20 per cent Ni, type No. 310 steel. The inner 
shell is supported centrally in the chamber by means of two 
“spoked” supports which permit radial expansion of the shell with- 
out altering the center-line position. The shells are fixed axially 
near the air-inlet position and are free to expand in both direc- 
tions from this point. Flexible seals to prevent pieces of insu- 
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The ignition cone is cast of chrome iron containing a minimum 
of 28 per cent Cr. The burner holders are of No. 302 stainless 
steel. Except for the insulation, which occupies the space be- 
tween the inner and outer shells, these are the only parts exposed 
to extreme temperatures. 

The internal insulation consists of two layers; the inside, which 
is exposed to the highest temperature, being of a lightweight 
brick 1'/, in. thick. The outer layer is a slag-wool block, wired 
and cemented to the outer shell. In the high-pressure chamber it 
was desired to minimize the thermal expansion of the structural 
member of the combustion chamber, so the block insulation is 2 
in. thick and the outer pressure-retaining shell is of mild steel. 
In the low-pressure chamber some thermal expansion was desired, 
intermediate between the amount that would be caused by expo- 
sure of the shell to gas temperature and that of a ‘cold’ shell. 
One inch of block insulation was therefore placed inside the 
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shell and 1!/; in. outside, and the outer shell was made of 18 
Cr, 8 Ni, type No. 302 stainless steel. 

The heads for both chambers have outer shells of mild steel, 
inner shells of type No. 310 and are insulated between the shells. 
They are bolted to the combustion chamber proper by studs 
tapped into the combustion-chamber flange. The joint is sealed 
by a double-ring copper-wire gasket. Since the head of the cham- 
ber carries all the internal elements, these are immediately ac- 
cessible for repair or replacement on its removal. 


CoMBUSTION-CHAMBER PERFORMANCE 

An extensive series of tests was made on an experimental com- 
bustion chamber, a duplicate in its principal dimensions to the 
high-pressure combustion chamber. The chamber could be 
supplied at a maximum pressure of 8 psig, with 5600 cfm of air 
which could be heated to temperatures up to 1000 F, by burning 
natural gas in it in a special furnace. The maximum weight flow 
of air was only about one fifth of that in the gas-turbine set, and 
only one burner-injection pump unit was installed. It was an- 
ticipated, however, that these tests would permit determining if 
the performance of the combustion chambers would limit the 
plant operation, as a wider range of air-oil ratios could be tested 
than would be used in the plant, and shorter burning times could 
be obtained, since larger volume flows and higher velocities 
could be produced by lowering the pressure. It was expected 
that the fourfold increase in pressure in the prototype would per- 
mit increasing the heat-release rate by more than the factor of 
3 between that of the prototype and that reached in the tests. 

These tests were aimed at the determination of the operating 
efficiency of the combustion chamber. For a system in which the 
flue-gas discharge temperature is far above the air inlet tempera- 
ture, it is not immediately obvious how the thermal efficiency 
should be defined. One possibility is to compare the higher heat- 
ing value of the fuel with the difference between the enthalpy of 
all of the products of combustion and that of the air and fuel 
supplied. The first term in this difference is subject to some error 
because of uncertainty in the actual amount of moisture in the 
flue gas, but the results calculated in this manner have been pre- 
sented in Table 1, under the column heading “Efficiency by Heat- 
Balance Method.” Another method of expressing the efficiency, 
derivable from the same heat-balance equation, results in a com- 
parison of the change in enthalpy of the air supplied to the cham- 
ber with a quantity defined by chemists (8) as the “‘heating value 
at the temperature” of the combustion-chamber discharge. The 
combustion-chamber efficiency thus defined may be expressed 


Inlet Outlet Inlet Air ou Statice  Eff.-Bu. 
Run Temp. Temp. Pres. Rate te Million Air/oil Pres. Ships Eff.- 
Number (°F.) (Peia.) (#/Sec.) (#/fr.) Btu. /ir Ratio (Psi.) Method Et. Bal. 
2 498 1050 20.1 6.04 180.5 3.55 120.4 0.63 96.0 97.6 
30 497 1258 20.3 6.00 245.0 4.81 88.2 0.71 9.3 9.9 

1 130 860 20.0 5.97 217.5 4.28 98.7 0.62 97.1 99.2 

32 130 890 18.8 5.95 26,5 4.45 94.6 0.64 99.6 99.2 
33 498 1049 19.7 6.2 185.5 3.65 118.8 0.70 94.8 96.0 

49 1063 19.7 6.14 191.5 3.76 5.3 0.66 94.3 94.7 
in 497 1250 19.8 5.9 250.5 4.92 86. 0.73 95.8 95.6 
Ha 17 259 16.8 6.19 51.0 1.00 437.2 0.42 83.2 85.6 
36d 103 288 15.2 4.00 43.5 86 331.2 0.21 81.0 80. 
37 1003 1254 20.7 6.18 100.5 1.97 221.4 0.61 86.0 87.3 
38 505 1035 19.6 6.13 1%.5 3.43 126.5 0.66 %.9 9.3 
x” 498 1039 19.6 6.15 175.5 3.50 126.2 0.66 98.7 3 
40 16 290 16.6 5.9 58.5 1.15 363.9 0.42 83.4 ---- 
41 122 1035 18.5 5.64 262.5 5.16 76.9 0.68 97.9 ---- 
42 475 996 18.9 5.85 166.5 3.27 126. 0.69 93.2 ---- 
43 lu 393 17.0 5.92 80.5 1.58 264.7 0.53 95.2 ---- 
bh 487 1041 19.1 5.86 178.5 3.51 118.2 0.75 93.0 — 
45 465 989 18.9 5.87 167.5 3.29 126.2 0.72 94.3 95.4 
46 480 995 19.1 5.92 166.5 3.27 128.0 0.77 94.2 95.9 
47 134 1965 18.8 5.23 330.5 6.50 57.0 0.75 101.1 102.7 
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where 7 is combustion-chamber efficiency 
A 
F is air-fuel ratio at which chamber is operated 


Za, 7; are enthalpies of air at discharge and inlet conditions, 
respectively 

H, is heating valfte of fuel at temperature of combus- 
tion-chamber discharge and is defined by 


Hz, = Ho — [welicg— ico) + wu (tn, — — Wo(tog — to) J. . [2] 


where Hy is heating value of fuel determined under standard 
conditions 
We, WH, Wo are weights of carbon dioxide, water, and oxygen 
entering the reaction per unit weight of fuel 
igs, igo, etc., are enthalpies of constituents indicated by 
letter subscripts at the condition of discharge from the 
chamber and standard condition, respectively. 


This efficiency is entered in Table 1, under the column heading 
“Efficiency by Bureau of Ships Method” (9), and is plotted in 
Fig. 6. 
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Instrumentation. Both methods of determining efficiency re- 
quire accurate measurement of the temperature of the discharge 
from the combustion chamber. Two methods of measuring this 
temperature were used. One was similar to that used by King 
(10) in determining a reference temperature for the calibration 
of shielded thermocouples, while the other, which also permitted 
estimating the degree of stratification in the discharge tempera- 
ture, was based on the average of the indications of three shielded 
thermocouples (11) placed in the combustion-chamber discharge. 
The average of the three thermocouples was always higher than 
the indication of the single reference couple, which could be ac- 
counted for by heat loss between the two temperature-measuring 
stations. Because stratification in the outlet duct cast some doubt 
on the validity of the average, and since there was a possibility 
that the temperatures of the shielded couples were influenced by 
catalytic combustion on the metallic surfaces of the shields, the 
reference couple was always used for efficiency estimates. 

The pressure measurements used for estimation of the pressure 
drop across the chamber were the subject of rather intensive 
study. This characteristic of the chamber was of special impor- 
tance, but was very small in magnitude so that great care was 
needed in its measurement. The static-pressure measurements in 
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both the inlet and outlet ducts were checked, during cold-air 
runs, against the indications of a Fecheimer tube (12) to assure 
freedom from errors due to impact pressures, 

Gas samples were drawn from both inlet and outlet ducts and 
were analyzed on an Ellison three-chamber gas analyzer of the 
Orsat type. This instrument could not be expected to indicate 
small concentrations of the products of incomplete combustion, 
which might, however, have a relatively large effect on the 
chamber efficiency. In order to permit the diagnosis of losses 
from this source, a combustible-gas analyzer, having a full-scale 
range equivalent to 1 per cent of carbon monoxide, was kindly lent 
us by the Mine Safety Appliances Company, Pittsburgh, Pa., and 
a series of tests (runs Nos. 40-44 inclusive) were run, covering the 
range of air-oil ratios, in which gas samples from the regular taps 
were conducted to the analyzer. As shown in Table 2, the maxi- 
mum indication of combustible gas during the run was about 
0.02 per cent, equivalent to about 0.6 per cent heat loss to in- 
complete combustion. For the first 10 to 15 min of operation 
of the chamber after lighting off, a decreasing indication, start- 
ing at a peak of about 0.06 per cent equivalent carbon monoxide, 
was observed. As this analyzer, by producing catalytic combus- 
tion of combustible components of the gas stream on the surface 
of the platinum wire whose temperature affects the balance of a 
resistance bridge, indicates the presence of all products of in- 
complete combustion, these tests were considered conclusive proof 
that the fuel was completely burned out at the discharge of the 
chamber. 


TABLE 2 GAS ANALYSES FROM TESTS ON EXPERIMENTAL 
COMBUSTION CHAMBER 


Combustible 
Gas Content Gas Analysis by Orsat Gas Analyzer 
Inlet Gas Outlet Gas 
Number MSA Analyser 02 co COp 
2 - 0.8 19.2 0.0 2.8 16. 0.0 
30 - 0.8 19,2 0.2 344 15. 0.0 
31 - 0.0 20.9 0.0 2.0 17.8 0.0 
32 - 0.1 20.2 0.0 2.2 17.6 0.0 
33 - 0.8 19.3 0.0 204 17.2 0,0 
34 - 0 19.4 0.0 2.6 16.8 0.0 
35 - 0.8 19.4 0.0 3.2 15.8 0.0 
36a 0.0 20.9 0.0 0.5 20.4 
36B - 0.0 20.9 0.0 0.5 20.5 0,0 
37 2.3 16.3 0.0 3.2 15.4 0.0 
38 - 0.8 19.3 0.0 2.3 17.1 0.0 
39 - 0.7 19.5 0.2 2.3 17.2 0.0 
40 0,02 - - - - - - 
0. - - - - 
43 0. - - - - 
0.01 - - - - 
45 - 0.5 19.8 0.0 2.4 17.2 0.0 
46 - 0.5 19.5 0.0 2.4 17.0 0.0 
47 - hel 0.0 


Test Results. The detailed results of the combustion-chamber 
tests are presented in Tables 1 and 2, while the efficiency measure- 
ments are summarized in Fig. 6. Above fuel-supply rates of 2.5 
x 10¢ Btu per hr, the combustion-chamber efficiency remains 
above 99 per cent, up to the maximum load carried in these tests, 
6.5 X 10° Btu perhr. The limitation on the maximum load was 
imposed, not by oil-supply capacity or combustion conditions, 
but by the necessity of limiting the temperature of the discharge, 
which was vented to the atmosphere through mild-steel ducts. 

This maximum represents about 35 per cent of the full-load 
heat input of the high-pressure chamber in the gas-turbine set. 
Tests on the chambers installed in the gas-turbine set, in which 
rates up to the design full-load condition have been carried, indi- 
cate no decrease in combustion efficiency as the load is further 
increased, Of course, these tests are not of as high precision 88 
those on the experimental combustion chamber because of the 
impracticability of accurate measurement of air flow, and the lack 
of checks on temperature measurements. A significant result is 
that neither the stability of operation, nor the combustion effi- 
ciency is affected by the presence of products of combustivn 12 
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the inlet air, or by the reduction of the oxygen content of the inlet 
air to 16.3 per cent on the dry basis, corresponding to about 15.6 
per cent before condensation of moisture. 

As the combustion rate is decreased the efficiency of the cham- 
ber appears to fall off to about 81 per cent at a heat-liberation rate 
of 0.7 < 10 Btu per hr, the lowest stable combustion rate that 
could be maintained. At the lowest rate the radiation from the 
outside shell of the chamber accounts for approximately 5 per 
cent of the heat supplied by fuel, while incomplete combustion 
accounts for only 1 per cent or so more. The remainder of the 
apparent loss, amounting to about 14 per cent of the heat in 
the fuel at the lowest rate, is unaccounted for and must be as- 
cribed to inaccuracies in the measurements. 

Preliminary tests had shown that the pressure loss of the air 
passing through the chamber amounted to approximately one 
velocity head of the fluid at the entrance to the chamber. These 
tests were made in a chamber lacking the transition and elbow 
at the discharge of both the experimental chamber and those in 
the gas-turbine plant and were not of a high order of precision. 
The tests reported in Table 1 confirmed this result, however; they 
also permitted the formulation of a relatively precise expression 
for the loss in pressure. Study of the data by the methods of cor- 
relation analysis (13) showed that the pressure drop was de- 
pendent upon the velocity head of the gas leaving the combustion 
chamber, as well as that at the entrance. Since the quantity of 
fluid is essentially the same at entrance and exit, these velocity 
heads are simply related through the ratio of the absolute tem- 
peratures at the two sections, designated here as 8. Using this 
convention, the results of these tests may be expressed 


p = (0.3608 [3] 


where 
p is static pressure drop in any convenient units 
h, is velocity head at combustion-chamber inlet in same 
units 


T2. 
= T. is ratio of absolute temperature of air leaving to 
1 


that entering the chamber 


This expression represents the data of Table 1 to within about 9 
per cent and was used to predict the performance of the chambers 
for the gas-turbine plant. 

Stratification of the gas stream with respect to temperature has 
been the most troublesome characteristic of the combustion 
chamber. The difference in temperature across the gas stream 
may amount to 50 per cent or more of the average temperature 
rise. Temperature traverses have shown that the hot spot is 
always displaced from the center line toward the inlet of the 
chamber. It is curious that the chamber may operate consis- 
tently with low stratification at one speed of the turbine and just 
as consistently with high stratification just a few hundred revolu- 
tions higher or lower. Further investigation of this characteristic 
is being made. 

The highest metal temperatures occurring in the chamber are 
those of the ignition cone. Temperatures of the inner shell were 
also measured during the early runs on the experimental chamber, 
but the couples at these positions were broken, before the tests 
reported here were run, by the axial movement of the inner shell 
relative to the outer shell accompanying heating up and cooling 
down. They remained in place long enough, however, to show 
that the shell at no point exceeded the temperature of the ignition 
cone. Immediately in front of the cone, at the inlet side, the 
shell temperature usually approached the maximum cone tem- 
perature. The variation of the average ignition-cone tempera- 
ture with the load on the chamber is quite regular, as shown in 
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Fig. 7. The results shown here may be generalized by the con- 
clusion that at no point in the chamber does the metal temperature 
exceed the chamber discharge temperature by more than 300 
deg F, under any condition of operation. 


NOTES ON THE DEVELOPMENT 


Work on this project started late in 1942, with an attempt to 
design a combustion chamber that would fit the space require- 
ments of the proposed plant layout. Several designs following 
more or less conventional practice were completed and chambers 
of mild steel were built for testing in an outdoor test stand. 

In these conventional chambers combustion air was separated 
from tempering air by a metal shell (2) since it was thought that 
the large amount of excess air would quench the burning of the 
fuel. The largest part of the air passed around this shell while 
combustion air was admitted to the burner end of the shell 
through a variety of registers, most of which were equipped with 
adjustable vanes, as in boiler practice. A ‘“spinless’” register 
was also built, in which the primary air was admitted between 
two coaxial cones, which produced much more stable ignition in 
a smaller volume of the chamber than did any of the others. It 
was also found that such stable ignition was essential, with either 
continuous or intermittent injection of the fuel, to reduction of 
the flame length. This register was the elementary form of the 
ignition cone now in use. 

Of the chambers proper, those having circumferential slots 
which admitted air axially along the walls of the inner shell were 
found to produce very long flames, while those having round 
holes producing radial jets gave short flames but required rela- 
tively larger pressure drop. The “elbow’’ form of chamber was 
produced fortuitously by the removal] of all inner shells in an 
attempt to réduce pressure drop. 
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Steam-generating facilities at the Koppers Company, 
Incorporated, Butadiene Division, Butadiene-Styrene 
Chemical Plant, at Kobuta, Pa., include two types of 
units; natural-circulation boilers and the first forced- 
circulation boiler to be installed in the United States for 
industrial-plant processes. Since plant operation began 
in the sumnier of 1943, this installation has afforded boiler 
operators an opportunity to compare the operating char- 
acteristics of the two types. This paper describes briefly 
the design and operating features of these steam gener- 
ators, together with some of the difficulties encountered 
and how they were overcome. 


HE installation of a controlled forced-circulation boiler unit 
adjacent to three natural-circulation boiler units of identical 
rating at the Koppers Company, Incorporated, Butadiene 
Division, Butadiene-Styrene Chemical Plant* has afforded boiler 
operators an opportunity to compare the operating characteristics 
of these two types of steam-generating units. Boiler designers 
and operators are naturally interested in the first application in 


' Assistant Superintendent of Utilities, Koppers Company, Inc., 
Butadiene Division. 

* Maintenance Engineer, Koppers Company, Inc., Butadiene 
Division. 

‘This plant is operated by Koppers Co., Inc., Butadiene Division, 
an agent for the Reconstruction Finance Corporation, Office of Rub- 
ber Reserve, Washington, D. C. 
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this country of a forced-circulation boiler unit to supply steam 
for industrial-plant processes. The steam-generating facilities 
at Kobuta were built at a time when the steel demand for other 
urgent war needs was at its peak; the Government directed that 
a forced-circulation boiler unit should be installed. Plant opera- 
tions began in June, 1943, with one natural-circulation boiler; in 
August, 1943, the foreed-circulation unit was placed in service. 

It will be the endeavor of this paper to describe briefly the 
design features and compare the major operating differences 
between the two types of steam-generating units and to outline a 
few of the operational difficulties that accompany boiler gener- 
ators of this type. Problems attendant to starting up the units 
for the first time are intentionally omitted, as boiler designers 
and operators are well aware that initial operating difficulties 
rarely recur after the difficulty is once remedied. All boilers in- 
stalled at this plant met the manufacturers’ expected-performance 
specifications and this paper will deal only with problems arising 
after acceptance. 

It is well to point out that operating personnel was obtained 
several months prior to operations, in order that start-up of the 
boiler units could proceed without delay. Operators observed 
the complete erection of each boiler unit with its auxiliaries, and 
supervisors conducted short classes with operators to familiarize 
them with the operating characteristics of each boiler. The wis- 
dom of such a procedure was illustrated by the ability of the 
operators to start up each unit as it was completed and maintain 
it on the line as a reliable steam source for plant process. The 
start-up of the forced-circulation unit was no more of an event 
than that of the natural-circulation units, as operators had be- 
come accustomed to its unconventional design. 
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Fig. Cross-SecTIONAL View, Forcep-CircuLaTION BoILer 


It is beyond the scope of this paper to present in detail the 
design data of these boiler units. Aside from a secondary interest 
in these data, boiler operators are primarily interested in the 
operating characteristics, availability, water control, and main- 
tenance of their steam-generating units. A description of the 
physical layout of the steam plant is included to better acquaint 
the reader with its size, design features, and operating conditions. 
It must be remembered that war regulations prohibited extensive 
refinements in this steam plant, and these limitations were met 
remarkably well. 

The time limit of construction and operating date prohibited 
exhaustive studies in layout and operating equipment. That the 
plant has produced steam consistent with high demand attests to 
the ability of the designers and operators to meet the wartime 
limitations. Most boiler operators will agree that boiler auxili- 
aries present more operating difficulties than the actual furnace, 
and it is well to note that in this case the boiler auxiliaries are not 
as a whole duplicated in each of the types of boilers. No attempt 
will be made to compare these auxiliaries, but the inclusion of the 
operation of the forced-circulation pumps is made, since it is 
considered an integral part of the forced-circulation boiler unit. 

It is not the intention here to present data to influence the 
selection of any particular type of boiler unit. Boiler operators 
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Fie. 3 Cross-SecTIONAL View, NATURAL-CIRCULATION BoILER 


pride themselves on being able to fire any type of steam-generat- 
ing equipment and to secure from it the maximum possible effi- 
ciency and reliability. After two years of experience with each of 
these types of boilers, it is possible to make a comparison of their 
operation and to present to those interested a summary of our 
experience at Kobuta. 


DESCRIPTION OF PLANT AND BorLeR AUXILIARIES 
The original steam plant consists of four 350,000-Ib per br 
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boilers, designed for superheater-outlet conditions of 725 psi 
pressure and 750 F temperature. The first is a Combustion 
Engineering Company single-drum controlled forced-circulation 
boiler, Fig. 2, and the other three are Babcock & Wilcox Company 
two-drum, radiant-type, natural-circulation units, Fig. 3. Operat- 
ing experience indicated that the capacity of three boilers was 
not sufficient to supply all the steam demanded by the chemical- 
process units with one boiler off the line for inspection and main- 
tenance. Accordingly, a fifth boiler of 180,000 lb per hr capacity 
at 450 psi pressure without superheat was installed. This latest 
addition is a Combustion Engineering Company four-drum 
natural-circulation unit. Total steam-generating capacity availa- 
ble from the five boilers is 1,580,000 lb per hr. The four high- 
pressure units are housed in a reinforced-concrete boilerhouse, 
approximately 130 ft high, while the low-pressure unit is installed 
in a separate annex at the south end of the original concrete 
boiler room. No further reference will be made to the smaller 
natural-circulation unit and its auxiliaries. 

Draft equipment for each of the high-pressure units is identical, 
consisting of one induced- and one forced-draft fan per boiler, 
with turbine drives. An important factor in selecting boiler 
capacity was the limitation of draft equipment to single fans per 
boiler so as to require a minimum number of reduction-geared- 
turbine drives, an extremely critical item during the construction 
period. Fly-ash collection equipment is within the induced-fan 
housings, thus minimizing the use of steel. Each boiler is equipped 
with a Ljungstrém air preheater. A combination of two coal-and- 
gas, and two coal-and-oil burners fire the forced-circulation boiler. 
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Natural-circulation-boiler furnaces are equipped with six combi- 
nation coal-and-oil, and two separate gas burners. All furnaces 
are dry-bottom, with intermittent ash-sluicing facilities, and con- 
tinuous ash sprays. The forced-circulation unit is equipped with 
two Raymond bowl mills, with integral exhausters, and the 
natural-circulation units are fired with two Hardinge-type ball 
mills, with remote exhausters located on the operating floor. 
Suitable feed pumps are installed in the pump bay on the ground- 
floor elevation. These consist of five units, i.e., three turbine- 
driven, one motor-driven, and one combination turbine-and-motor 
dual-drive unit. 

Steam at 700 psi and 750 F goes to a 35,000-kw turbogenerator 
which exhausts at 165 psi back pressure for chemical-plant- 
process requirements. Total plant electrical load approximates 
14,000 kw, the excess electrical energy going into the local utility 
system. Exhaust steam leaves the turbine discharge and passes 
into two 24-in. lines at 165 psi and 460 F, which maintains slight 
superheat to the farthest end of the process-plant distribution 
lines. Part of this steam is reduced to 75 psi for process, as needed. 
In order to furnish 165-psi steam with a turbine or utility tie-line 
outage, desuperheating and pressure-reducing stations are in- 
stalled between the boiler headers and exhaust lines. Any sudden 
interruption to exhaust-steam supply operates these stations 
through master controllers. Desuperheating water is supplied 
from the condensate system through special pumps installed at 
the feed-pump bay. 

Main high-pressure boiler-plant piping is so arranged that 
boilers may be isolated into two separate generating systems, each 
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containing its own feedwater, steam-generating, and blowdown 
facilities. The forced-circulation main steam lead and one of the 
natural-circulation units are tied to a common header with the 
remaining two high-pressure units discharging into a similar 
header. The turbogenerator is fitted with double inlet valves, 
one from each main boiler header. 

The blowdown system consists of two separate series of high- 
and low-pressure flash tanks, from which 165-psi and 10-psi steam 
is supplied to the high-pressure heaters and to the deaerators, 
the effluent being sewered through the bl6wdown heat exchangers. 
It has been noted that during peak loads and high rate of blow- 
down, approximately 50 per cent of the 165-psi steam require- 
ments for the high-pressure heaters is met by the high-pressure 
flash steam. The feedwater flow is illustrated in Fig. 4. 

Coal comes to the plant by rail, truck, or barge. Belt conveyers 
transport it from unloading points to storage or directly into 
the crushers where it is sized to */,in. or less, before entering the 
bunker house. A feeder tripper distributes coal into eight 250-ton 
hoppers from which it drops by gravity, through automatic 
scales to mill feeders and pulverizers at each boiler. Furnace 
volumes permit carrying full boiler load on coal alone, consuming 
1500 to 1700 tons per 24 hr for the four large boilers. All-electric 
combustion control is duplicated on all boiler units, regulating 
air and coal feed according to steam demands. Hand preadjust- 
ment of the control mechanism assures sufficient combustion air 
for oil and gas. y 

Feedwater-pump- and draft-fan-turbine exhaust goes to two 
deaerating feedwater heaters that handle both return condensate 
and raw make-up. A reducing valve from the main-turbine ex- 
haust supplies any deficiency. The high-pressure closed heaters 
receive steam directly from the main-turbine exhaust, supple- 
mented by flash from the blowdown system. 


WatTER-TREATING FACILITIES 


Treating-plant equipment and basins are located adjacent to 
the powerhouse in a separate building and connected to the sta- 
tion by a pipe tunnel. Ohio River water is fed into three Spauld- 
ing precipitators in the water-treating plant through a 20-in. 
line. The raw-water flowmeter controls the rate of chemical in- 
put. Lime, soda-ash, and copperas solutions are fed by indi- 
vidual pumps into the inlet flume of the precipitators. At the 
maximum rate of flow through the precipitators, the detention 
time is 90 min. The water, having been clarified and partially 
softened in its passage through the precipitators, flows by gravity 
to six Anthrafilt filters. The filtering capacity is 3900 gpm and 


— 
fte 
100 | Rive Hardnes2 
bo 
3 
100 S00 
40 4c 
40 00 
20 


i July Fog Sapt Oct Dec \lan Fab Mar Apr May lune Joly og. Sept 
(943019 44 


Jotal Solids 


Fie. 5 Onto River WaTER CHARACTERISTICS 


MAY, 1946 


the flow of water through the filters is regulated by rate-of-flow 
controllers. In leaving the filters, the water is discharged into an 
acid-mixing chamber before passing into a filter clearwell, and a 
pH value of 8.3 is maintained to prevent deterioration of the 
zeolite in the final softeners. 

After the water is clarified, partially softened, filtered, and 
acidified to the correct pH, it is pumped to six gravity-flow 
zeolite softeners. The design of the equipment was based on a 
hardness of 55 ppm from the filter clearwell. With this capacity 
setting, each unit is capable of softening about 770,000 gal of 
water in each regeneration. The zeolite operates in the sodium 
cycle with rock salt for preparation of the solution. The treat- 
ing process is capable of delivering the required boiler make-up 
water to the boilerhouse with a residual hardness rarely exceed- 
ing 2 ppm even during periods of peak hardness of the raw water. 

Make-up water is pumped from the soft clearwell to two de- 
aerators located in the boiler plant. Each deaerator is designed 
to operate at a pressure of 10 psi with a guarantee to remove the 
oxygen from 900,000 Ib of feedwater per hr. To protect the equip- 
ment from corrosion attack, sodium sulphite is fed into the de- 
aerator storage tank. Caustic soda is also added at this point to 
maintain a safe pH value in the feedwater, as it passes through 
the feed pumps and high-pressure heaters. Caustic-soda feed is 
also used to maintain the specified alkalinity range in the boiler 
water. Sodium-metaphosphate solution is fed directly into the 
upper drums of the four boilers to satisfy demands of residual 
hardness of the boiler feedwater and acts as a sludge-forming 
accelerator. Each boiler is equipped with a boiler-water-sample 
cooling coil located at the upper drum, and two Straub condensers 
with conductivity cells and recorders are provided to obtain a 
continuous check on the quality of steam leaving the boiler drum 
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The sectional view of the forced-circulation unit shows no 
lower or mud drum. Forced circulation eliminates the need for the 
lower drum with its interconnecting generating surface necessary 
to set up circulation between the lower and upper drums. Boiler 
feedwater enters the single drum after passing through the 
economizer which is located in the upper section of the convection 
zone, immediately below the air preheater. The feedwater is 
introduced into the drum through a submerged pipe which ex- 
tends the entire length of the drum, discharging the water through 
perforations. Two 10-in. downcomer pipes, located about 6 ft 
from each end of the drum, carry the water down to the circulat- 
ing pumps. These downcomer openings are protected by wire 
screens as mechanical protection for the circulation-pump 
impellers and are also fitted with downtake spiders to eliminate 
vortex formation. 

The circulating pumps are 10 X 10 Allis-Chalmers horizontal 
single-stage type, Fig. 6, rated at 4500 gpm, 151 ft head, 517 F, 
and suction pressure of 800 psi. They have an end suction and a 
side discharge and are driven by horizon‘al steam turbines 
through a Fast “spacer” coupling. Ball-thrust bearings absorb 
all the thrust load of the pump. Through close co-operation be- 
tween the representatives of the boiler and pump manufacturers, 
the pumps are so designed to maintain a constant and unfailing 
flow of water through the boiler and to operate continuously and 
without interruption, in order to protect the boiler tubes. To 
facilitate removal of the rotating element, there has been incor- 
porated in the design of the pump a casing cover; or end head, 
through which all the internal parts of the pump can be removed. 
A close-clearance bushing directly behind the pump impeller |s 
used with “bleed-in” and “bleed-off”’connections to reduce the 
temperature and pressure on the stuffing box. The bleed-in 
connection permits a water flow of 20 gpm at 240 F and 900 ps! 
from the boiler feed pump discharge main to enter the inner end 
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Fic. 6 Pump 
(Rated at 4500 gpm, 151-ft head, 1500 rpm, 517 deg F; suction pressure 800 psi.) 


of the reducing bushing. This flow of water at a pressure higher 
than pressure in the pump maintains a water flow at 240 F out 
of the bushing into the pump, instead of the hot boiler water in 
the pump flowing back toward the packing. About 2 gpm of 
240 F water flows into the pump, and the remaining 18 gpm is 
bled off through the bleed-off connection. By this arrange- 
ment it is possible to pack against a low pressure and low tem- 
perature, rather than against the normal boiler pressure and 
temperature. Further reference is made to this feature later in 
the text. 

The circulating pumps located on the ground floor with- 
draw water from the drum and discharge into a loop which supplies 
water to wall-distributing headers. Two of these headers supply 
the burner and rear-wall tubes, two supply the central section of 
the side walls, four others supply the outside sections of the side 
walls, and the remaining one supplies water to the secondary 
generating section. 

Flow of water from the headers to the wall and secondary- 
generator tubes is controlled by a series of combination orifice 
strainers, consisting of a nipple approximately 6 in. long per- 
forated by */,-in. holes and drilled with a control orifice. The 
arrangement is such as to permit removal of the orifice strainers 
from the headers for inspection and cleaning. One orifice strainer 
serves a tube nozzle which is trifurcated for the three wall tubes 
which arise from it. A total of 276 strainer orifices are provided 
to supply 183 tubes on each of the burner and rear walls, 198 
tubes on each of the side walls, and 32 tubes in each section of the 
secondary generator located immediately below the economizer. 
Front- and rear-wall tubes lead directly into the top of the drum 
above water level, while the side-wall and secondary-generator 
elements collect into headers and pass into the drum through 4-in. 
risers entering the drum above the water level. 

The 54-in-drum internals are so arranged that the water-steam 
mixture is first directed downward by a deflector baffle at the 
tube entrances. The flow is then reversed in direction permitting 
the water to separate from the steam. This reversal permits the 
Steam part of the mixture to continue directly to the screen 
driers, while the remainder of the mixture bubbles through a sub- 
merged screen below the water level. Steam at relatively low 
Velocity passes through three sets of screen driers for the complete 
removal of any entrapped moisture. In leaving the drum, the 
steam passes around deflector plates located directly under the 
tubes leading to the superheater. 

The superheater element hangs directly in the gas stream at 


the entrance to the convection section and is protected by a slag 
screen of staggered front-wall tubes, three rows deep. Com- 
bustion gases pass out of the furnace through the front-wall 
screen, across the superheater bank, through the convection bank 
containing two sections of generating tubes, and through the 
economizer. The last banks are supported on water-cooled beams 
which are part of the secondary-generator circuit. Soot is re- 
moved below the superheater, and by the dust collector in the 
induced-draft-fan housing. 

It will be noted that in the forced-circulation unit there is no 
need for generating tubes to be suspended in the gas passes and 
baffles for routing gas flow are not required. The forced-circula- 
tion unit thus approaches a favorable design of gas passes and 
tube arrangement to overcome any fly-ash erosion difficulties. 

Boiler dimensions of the forced-circulation unit are given in 
Table 1. 


TABLE 1 FORCED-CIRCULATION-UNIT DATA 
Furnace volume, cu ft gross......... 25,400 
Boiler heating surface, sq ft......... 4,510 
Waterwall surface, sq ft...... ...... 8,470 
Superheater surface, sq ft........... 4,430 
Economizer surface, sq ft........... 9,830 
Air preheater surface, sq ft...... ... 38,900 
Operating water volume, lb........ . 36,643 


Steam drum.......... 
Upper wall tubes....... 
Lower wall tubes....... 


54” diam X 28’-934” long 
11/4” OD X 0.120% wall thickness 
11/4” OD X 0.150” wall thickness 


NATURAL-CIRCULATION UNITS 


As noted by the sectional side view, Fig. 3, the natural-circula- 
tion boilers have two drums with pendant superheater. Feed- 
water enters the upper drum through a perforated pipe below 
the water level and passes down to the mud drum through intercon- 
necting generating and heating tubes. Water is then distributed 
to the waterwalls through eight headers located at the bottom of 
the furnace. Two of these supply front and rear walls, two supply 
the center and rear section of the side walls, and the other four 
supply the front sections of the side walls. Rear- and front-wall 
tubes terminate directly in the steam drum entering below water 
level. The side-wall tubes terminate in headers at the top of the 
furnace and continue to the drum by risers entering the drum 
above water level, but inside the internal baffle compartment. 

The 60-in-drum internals cause the water and steam mixture in 
the wall and generator tubes to enter a baffled compartment from 
which the mixture passes tangentially into 44 cyclone steam 
separators. As a result of the whirling action of the cyclones, the 
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water is directed downward while the steam passes upward 
through the corrugated scrubber elements for further removal of 
moisture. In leaving the drum the steam passes through a twin- 
type steam scrubber where the last trace of moisture is removed. 
The natural-circulation boilers are not equipped with economizers. 
The convection bank and superheater elements are protected 
from direct radiation by a water-cooled arch extending approxi- 
mately halfway into the furnace, immediately below the mud 
drum. 

Attention is called to the baffle arrangement as shown in the 
sectional view, Fig. 3. The baffle between the first and second 
pass is of tile construction. The upper section of the baffle sepa- 
rating the second and last pass was originally as shown in Fig. 3 
and is also of tile construction, the sloping portion being of the 
poured type, and the lower section again of tile construction. In 
recent months two generating-tube failures have occurred on 
two of these natural-circulation units due to fly-ash erosion of the 
tube metal. In the first case, leakage of dust-laden gas through 
the baffle, separating the second and last pass, seriously eroded 
the generating tubes directly behind this baffle, a short distance 
below the top drum. In the other case, concentration of fly 
ash sweeping. down the slope of this same baffle eroded tubes in 
the row just ahead of this baffle at a point just below the baffle 
slope. Baffle changes have been completed on all three of the 
natural-circulation units by making the entire baffle vertical 
from the drum downward. This arrangement should overcome 
both difficulties as well as afford convenient access to the furnace 
for inspection of the baffle for leakage. Soot is removed at the 
second pass of the convection bank at mud-drum level, as well as 
by collection in the induced-draft fan similar to the foreed-circula- 
tion unit. 

Boiler dimensions of the natural-circulation units are given in 


Table 2. 


TABLE 2 NATURAL-CIRCULATION-UNIT DATA 


Boiler heating surface, sq ft........ 20,640 

Waterwall surface, sq ft............ 6,367 

Superheater surface, sq ft.......... 4,030 

Total steam-generating surface, sqft 31,007 

Air-heater surface, sq ft............ 38,6 

Volume of combustion space, cu ft.. 29,900 

Operating water volume, lb......... 150,680 
See 31/4” OD X 0.203” wall thickness 
60” diam. X 30’ long 


OD X 0.170" wall thickness 
244” OD X 0.170" wall thickness 
4 "OD X 0.213” wall thickness 
Generating tubes.................. 2%" OD X 0.148” wall thickness 


OPERATING CONDITIONS 


During the latter part of 1943, the entire year of 1944, and the 
first quarter of 1945, the directed rate of chemical production 
demanded a peak steam load of 1,300,000 lb per hr, with an in- 
stalled capacity of 1,400,000 lb per hr at that time. It was the 
responsibility of the boiler operators to maintain maximum steam 
generation under extreme varying conditions. Boiler outages 
were purposely kept to an absolute minimum by maintenance 
forces on a 24-hr schedule to keep the boiler units in operating 
service. Initial planning called for scheduled outages of boiler 
units each 6 months, but revisions were made on first inspections 
and subsequent tube failures to remove the forced-circulation 
boiler from the line each 60 days for inspection, and the natural- 
circulation units each 180 days. This schedule was adhered to 
during the entire period of peak steam demands. 

The complexity of the butadiene-styrene chemical process, 
with its large number of stills, compressors, and heat exchangers, 
imposed on the boilers the requirement of maintaining correct 
pressure and temperature at all times. The chemical process is 
extremely sensitive to variations in steam conditions and slight 
steam upsets curtail chemical production. During boiler diffi- 
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culties, when generating capacity could not maintain proper 
steam conditions, operators were reluctant to drop steam de- 
livery to process because subsequent readjustment to normal 
production rate would require 24 to 48 hr, in addition to entailing 
large losses of raw materials. The boilers were called upon to re- 
cover from adverse conditions promptly and in most cases, boiler 
operators were able to maintain a continuity of steam flow to the 
process units, 

In contrast to the operation and performance of a boiler under 
central-power-station conditions where make-up water rarely 
exceeds 2 per cent, and where even this amount is supplied by 
evaporation, boiler make-up here at Kobuta has been of the order 
of 60 to 70 per cent due to process-steam requirements. These 
steam requirements necessitate discarding two thirds of the steam 
condensate in process wastes. 

Ohio River water, which is the raw-water source, contains 
principally sulphate salts and is generally slightly acid in nature, 
with a pH of 6.5. Total hardness for the major portion of the 
vear ranges between 70 and 90 ppm expressed as calcium car- 
bonate. 

In Table 3 the analysis given for Ohio River water may be 
considered as being the average. a 


TABLE 3 TYPICAL ANALYSIS OF OHIO RIVER WATER 
Ppm 
Bicarbonate (HCQOs)............... 7 


Suspended solids............ ; 17 
Soap hardness as CaCQs. .. 78 


Composition of the water is subject to wide variations in hard- 
ness and dissolved solids, as shown in Fig. 4. During the 2 years 
that the plant has been in operation, control of water conditioning 
and continuity of operation have been maintained under condi- 
tions where hardness of the water has fluctuated from a low of 60 
ppm during the winter and early spring seasons, to a high ex- 
ceeding 250 ppm during periods of low river flow. Similarly, 
dissolved solids fluctuated from a low of 100 ppm to a high ex- 
ceeding 600 ppm. Obviously with boiler make-up exceeding 60 
per cent, and with solids concentrating in the boilers in a very 
short time during periods of peak dissolved solids, conditions 
exist which tax a conventional natural-circulation boiler to the 
limit and impose on the operation of a forced-circulation unit the 
additional measures necessary to prevent an accumulation of 
suspended matter at its control orifice strainers great enough to 
cause tube failures. Blowdown equipment is adjusted to main- 
tain a dissolved-solids content of 2000 ppm in the boiler water. 

On the basis of the average analysis of raw water in which dis- 
solved solids were 178 ppm a blowdown of 10 per cent was ex- 
pected. As most of the heat-recovery equipment was designed 
to handle this quantity, the blowdown facilities were vastly over- 
loaded when it became necessary to blow down 30 per cent of the 
feedwater in order to maintain the desirable boiler-water condi- 
tions when the dissolved solids in the raw water exceeded 600 ppm. 
After installing larger blowdown valves and pipes, and with the 
continuous-blowdown equipment operating at maximum, it 1s 
still necessary to supplement this with continuous blowing of the 
mud drums. With the installation of the fifth boiler, blowdown- 
equipment arrangements can be made to modify the blow- 
down lines in such a manner as to recover the heat normally lost 
in the use of the mud-drum blows. 

Residue oil and gas furnished from the process units is de- 
livered to the boilerhouse for burning in combination with the 
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coal obtained from the local bituminous mines. Normally, 
moisture content of the coal does not exceed 4 per cent, but there 
have been periods during transportation difficulties, when 10 to 15 
per cent moisture coal has been delivered to the pulverized-fuel 
equipment; such periods occurring when steaming capacity was 
ata premium. While the ability to satisfy steam demand under 
these moisture conditions is a function of the fuel-burning and 
handling auxiliaries, boiler operators were called upon to adjust 
boiler ratings continuously to maintain proper pressure and load- 
ing. These periods made it possible to observe the individual 
boiler response to the demands for steam to process. That no 
particular difference between the boiler units was found might be 
surprising to those who believe that the foreed-circulation unit 
responds and recovers load in less time than the natural-cireula- 
tion units of the same capacity. With the units equipped with 
different types of mills, any indication of such conditions might 
be attributed to the mill performance rather than to that of the 
boiler. 

Loeal strip-mined coal, ranging in quantities of 25 to 50 per cent 
of the total fuel, has been fired in all boilers. Two generating-tube 
failures and severe erosion of generating tubes in the natural- 
circulation boilers have led several consultants to consider these 
conditions to be the result of the high silica content of the ash of 
this strip-mined coal. 


OPERATING CHARACTERISTICS 


The forced-circulation boiler, with 1'/,-in-OD wall tubes and 
only one drum, has considerably less water in it than the natu- 
ral-circulation unit has, with two or more drums and larger-di- 
ameter wall and generating tubes. The forced-circulation boiler 
holds approximately 37,000 Ib of water at steaming level, com- 
pared to the natural-circulation boiler which holds 155,000 lb, or 
nearly 4'/, times as much. This causes a greater sensitivity in 
the forced-circulation boiler to changes in feedwater conditions 
or changes in controls. 

With the natural-circulation boiler operated at 350,000 lb of 
steam per hr for a period of 2 hr with the blowdown completely 
shut off and with 400 ppm dissolved solids in the feedwater, an 
increase of 1800 ppm in the solids concentration of the boiler 
water would result. This added to the normal 2000 ppm carried 
would mean a total concentration of the boiler water of 3800 ppm. 
Actual operating data indicate that these boilers can be operated 
at 400,000 lb per hr with 4000 ppm dissolved solids. Should the 
continuous blowdown be completely shut off on these natural- 
circulation boilers, no serious results would be experienced before 
the boiler operators could remedy the condition. 

In the case of the forced-circulation unit under the same condi- 
tions, the concentrating effect of evaporation would result in a 
total dissolved solids content of 9600 ppm. At a steam rate of 
350,000 Ib per hr, solids carry-over would probably begin with a 
concentration of 5000 ppm and would doubtless be experienced if 
the blowdown were stopped for only 1/2 hr. 

To be reasonably free from upsets of the nature described, 
analyses of the boiler waters are made every 2 hr, total solids 
being checked by the conductivity method. In so far as the 
natural-circulation boiler is concerned, this 2-hr frequency is ade- 
quate to detect any major change in conditions before the results 
become serious. Such is not the case in the forced-circulation 
unit. Carry-over has been experienced on several occasions with 
the forced-circulation unit as a result of rapid increase in solids 
concentration, the carry-over being detected by means of the 
steam-temperature recorder. 

Arrangements are being made to install a conductivity recorder 
on all the boilers, recording total solids in the continuous blow- 
down. Especially in the case of the forced-circulation boiler, 
where the quantity of water at steaming level is relatively small 


and where the percentage make-up is relatively high, a conductiv- 
ity apparatus recording total solids should be installed as standard 
equipment with the boiler. 

Natural-circulation units depend on differences in specific 
gravity to set up circulation; and as a result, circulation rates 
vary with changes in rating or changes in heat input. In the 
forced-circulation boiler the rate of circulation is fixed and con- 
trolled by means of centrifugal pumps which take the water 
from the main drum and discharge it to distribution headers where 
it enters the tubes through control orifices. These orifices are so 
sized that a reasonable pressure drop is experienced across them 
and good control of distribution is the result. 

It is natural to expect that a centrifugal pump installed in the 
boiler-water circuit would be regarded as an outstanding weak 
point in the entire system. In actual practice, this has not proved 
to be the case at Kobuta. To date there has been no instance of 
circulation failure due to the pumps. The forced-circulation unit 
is equipped with two pumps, one operating at rated speed and 
load, the other idling at approximately 400 rpm. The original 
installation required manual operation to place the idling pump in 
service should the loaded pump fail. This arrangement made it 
mandatory to station an operator at the pumps at all times. 
Physical layout has placed the pumps remote from the boiler 
feed pump bay, and in the future, boiler-installation designers 
might consider locating a forced-circulation boiler in such a man- 


* ner that the circulation pumps can be attended by the normal 


boiler feed pump operator or water attendant. The usual inter- 
locks for tripping the coal-pulverizing mills when the pump 
differential reaches the low limit were provided, but this feature 
was removed shortly after the unit went into service, because of 
the feeling that the pump attendant was sufficient protection. 

The stationing of the pump attendant was regarded as a stop- 
gap measure for emergency protection of the boiler, and at pres- 
ent quick-opening steam valves have been installed to bring the 
idling pump to full speed and rating automatically. The control 
for these valves is taken directly from a differential-pressure con- 
troller. On occasions when upsets resulted in low steam pressure 
to the pumps, and pump differential reached the low safe limit, 
the idling pump was automatically put in service in a very satis- 
factory manner. It is now believed that with this feature added, 
and based on the performance of the pumps to date, the re- 
liability of the circulation system is assured. 

Efficiency and performance tests have indicated no outstand- 


TURAL-CIRCULATION STEAM GENERATORS 


Forced- Natural- 
circulation circulation 
unit unit 
Steam output, lb per br.............-eseeeeees 352500 345000 
Temperature of air for combustion, deg F....... 90 106.3 
Temperature of feedwater to boiler, deg F. 472 364 
Exit gas—CO: content, per cent...,...... 14. 15.2 


Heat content of coal (as fired), Btu per lb. " 


Air at burners, in. water...... 1.92 2.8 
Draft in furnace, in. water........ nee 0.139 0.22 
Draft at boiler outlet, in. water.... 1.9 2.98 
Draft at economizer outlet, in. water. . 
Draft at air-heater outlet, in. water... 6.81 10.65 
Steam temperature, deg 726 690 
Temperature of air leaving air heater, deg F..... 574 554 
Temperature of gases leaving boiler, deg 1 rer 1038 658 
Temperature of gases leaving economizer, deg F Ge 
Temperature of gases leaving air heater, deg | 379 376 
Temperature of feedwater entering economizer, 

Combustion space per lb of coal per hr, cu ft.... 0.78 0.92 
Heat absorbed by water in economizer, Btu per |b. | 
Heat by water and steam in 

per | ; 742.3 864 
adios. per ‘cent of fuel ‘(as fired), ‘per cent. 11.82 15 
Rate of heat absorption per lb of fuel, KB 11.54 10.95 
Rate of heat absorption per sq ft of steam-generat- 

ing-unit surface per hour, KB...............- 13.75 11.47 
Efficiency of steam-generating unit, per cent..... 84.3 84.0 
Average draft loss, in. water...............+--. 6.67 10.43 
Average air-pressure loss, in. water............. 5.93 9.65 
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ing differences in the two types of boiler units. Table 4 gives 
comparative test data taken from each of the boilers. These 
data are presented for general information and do not indicate 
performance under stable conditions. The forced-circulation 
and the natural-circulation units have been and are consistently 
operated at 85 per cent efficiency. Steam requirements for normal 
operation of the pumps of the forced-circulation unit amount to 
10,000 lb per hr, or 3 per cent of the boiler capacity. This power 
requirement imposes an additional loss of over-all steam output, 
resulting in a lower inherent over-all efficiency of the forced- 
circulation type of boiler unit. 

With the high make-up previously mentioned, and with the 
boilers being of necessity maintained on the line for considerable 
periods, it has been observed that the natural-circulation units 
form considerable sludge in the vicinity of the downcomer tubes 
at the top drum. In the forced-circulation unit, this sludge with 
additional scale particles collects on the orifice strainers tending 
to plug the control orifices. On two occasions this plugging of 
orifice strainers has resulted in tube starvation and failure. It has 
been particularly observed that at no time have scale particles 
been encountered on the natural-circulation units receiving the 
same feedwater and treatment. The exact location of the origin 
of these scale particles has not yet been determined, but they 
appear to form in the region of the distributing headers ahead of 
the orifice strainers. Chemical composition of these scale particles 
is identical with that of the soft sludge which is formed in the 
natural-circulation boilers. 

Removal of the sludge is accomplished in the natural-circula- 
tion boiler by the conventional tube turbining of the downcomers 
with final removal at the mud drum. Build-up of this sludge 
indicates that a scheduled outage once each 6 months is sufficient 
for its removal with little danger of serious difficulty for longer 
periods. In the forced-circulation unit, sludge and scale removal 
is accomplished by removing and cleaning all the orifice strainers. 
Past operating data indicate that sludge and scale particles in the 
forced-circulation unit require a boiler outage each 60 days for 
inspection, thus reducing its availability, as compared to the 
natural-circulation boilers. 

During internal inspections of the circulating pumps for the 
forced-circulation unit, it has been revealed that at times con- 
siderable build-up of scale takes place on the pump impellers 
with indications of scale breaking off and entering the orifice 
headers. As previously described, the circulating pumps have 
an arrangement of bleed-in and bleed-out connections which 
permit a small amount of boiler feedwater to enter the pump. 
Water consultants agree that under pH conditions existent in 
the feedwater, a reaction between the soluble phosphate present 
in the boiler water and the hardness present in the incoming 
feedwater results in a precipitation of calcium phosphate which 
forms a scale rather than the normal soft sludge precipitated in 
conditioned boiler water. It has been deemed advisable to main- 
tain this “in” leakage to the pump at a minimum, and differential- 
pressure regulating valves have been installed to maintain a 
constant differential pressure automatically in the bleed-in 
line to the pump over the circulating pump discharge pressure. 
Prior to this installation, manual adjustments were made with 
probable erratic results. 

In an effort to improve the availability of the forced-circulation 
unit, and to minimize the work required for sludge and scale- 
particle removal, two external strainer drums have been installed 
in each of the pump discharge lines as near as possible to 
the orifice headers. These strainers have openings of exactly the 
same size as those in the header orifice strainers, and each strainer 
has a free area more than twice that of the total for all the orifice 
strainers. These strainers were installed at a time when it was 
believed the scale particles were being formed between the steam 
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drum and the distribution headers, including the pump impellers. 
It was hoped these strainers would thus effectively remove all 
of the scale particles and cause scheduled boiler outages only to 
clean the external strainers. Results observed on two occasions, 
since installation, reveal conditions in general to be no better 
than prior to their installation. It is apparent that scale is formed 
on the distribution headers ahead of the orifice strainers, a region 
of non-heat-absorbing surface, a condition which is contrary to 
that found in the conventional boilers. No definite conclusion 
concerning scale formation at this location has been advanced, 
although suspicion has been pointed to velocities, to mechanical 
agitation due to the pumps, and to minimum chemical-reaction 
time in the drum. 

The apparent failure to remove the scale particles by mechani- 
cal means in the forced-circulation unit and the desirability of 
preventing sludge accumulation in both types of boilers has led 
all concerned to an attitude that the problem is one of chemical 
treatment and elimination of the formation of the sludge and 
scale rather than removal of scale particles after they have formed. 
A modified chemical treatment is now being used to overcome 
this condition and so far the results appear favorable. 

The forced-circulation type of boiler has proved to be much 
more stable than the natural-circulation boilers from the stand- 
point of water level with varying operating conditions. The fact 
that the forced-circulation boiler is equipped with an economizer 
which furnishes the feedwater to the drum at 480 F, as compared 
with 340 F feedwater entering the natural-circulation drum, is 
given as one factor for such stability. Another factor is that the 
rate of circulation is relatively constant for forced circulation at 
either maximum or minimum rating. This pumping rate is 5100 
gpm, or 1,900,000 Ib per hr which gives a ratio of circulated water 
to steam of 5'/, to 1 at rated load. 

In a natural-circulation boiler the rate of water circulation 
increases with rating, probably resulting in considerable tur- 
bulence in the steam drum at higher load conditions. With a 
slight lowering in drum pressure due to suddenly increased steam 
demand, the volume of steam bubbles in the generating tubes 
will increase sufficiently to cause a rise in water level in the drum, 
since the generating tubes enter the drum below water level. 
Such a rise, often called ‘‘swell,” tends to upset feedwater regula- 
tion. This condition can only occur in the natural-circulation 
type of boiler unit. Consequently, the forced-circulation boiler- 
water level will be upset to a lesser degree by rapid and large 
load changes regardless of feedwater control than with the 
natural-circulation boiler. However, the natural-circulation 
units have, on a number of occasions, experienced load changes 
from 200,000 to 400,000 lb per hr without seriously upsetting 
water level and with no sign of carry-over. The ability of the 
operators and of the feedwater control to handle these conditions 
indicates that natural-circulation units can take rapid load swings 
without serious water-level upsets. 

The expectation that the forced-circulation boiler with its 
closely spaced 1!/,-in. tubes would present a nearly solid water- 
cooled metal surface to the furnace and that slag would not s0 
readily adhere to this surface, has not been realized. Wall soot 
blowers were installed slightly above burner level to aid in re- 
moving this slag deposit. It appears that the greater number of 
spaces between the tubes for a given width of wall in the forced- 
circulation unit offers a larger number of points for slag to adhere, 
thus making it possible for the slag to bridge over more readily 
in this type of boiler than in the natural-circulation unit with 
larger wall tubes and greater spacing. With coals of the quality 
now burned, with an ash-fusion temperature between 2300 F 
and 2400 F, wall blowers or lancing will not be required for the 
natural-circulation units. 

Tube ruptures at different times on both types of units afforded 
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the opportunity for boiler operators to compare urgency of remov- 
ing the boiler from service. With chemical operating units un- 
able to reduce steam demand safely at a moment’s notice, the 
forced-circulation boiler, in one case, was kept on the line at full 
rating in excess of 3 hr, despite a complete wall-tube rupture. 
This type of boiler, with its relatively smaller-diameter tubes and 
small control orifice in the water inlet, in addition to the fact that 
the generating tubes terminate above the water level in the drum, 
can suffer a complete tube rupture without the necessity of im- 
mediate removal from the line. This is an extremely vital factor 
in chemical processes where shutdowns must be made in an 
orderly and safe manner. In the two instances when rupture oc- 
curred in a wall tube or generating tube on the natural-circulation 
units, it was necessary to take the boiler off the line immediately, 
resulting in pressure upsets to chemical process. A natural- 
circulation boiler, upon loss of any tube, immediately becomes 
inoperable. 


CONCLUSION 


In summarizing and outlining the characteristics found in these 
two types of boiler units at the Koppers plant, it is not the intent 
to suggest advantages or disadvantages of any particular type of 
unit. That the forced- and natural-circulation principles are 
radically different would of necessity present different operating 
characteristics. 

The forced-circulation 
operating assets as follows: 


unit has demonstrated particular 


1 The ability to suffer loss of a tube and continue to operate 
until other apparatus is brought on the line to take its place, or 
until load can be sufficiently reduced so that boiler capacity is 
not required. 

2 Water-level stability under conditions of rapid and large 
load changes. 

The natural-circulation units have particular operating assets 
as follows: 

1 Greater availability in comparison with forced-circulation 
type. 

2 Less sensitivity to changes in feedwater conditions, render- 
ing it more suitable for high make-up with high solids in the feed- 
water. 

3 Lower susceptibility to scale formation under equivalent 
feedwater conditions. 


The operating record of both of these types of steam generators 
reveals their ability to supply process-steam requirements under 
many adverse conditions. Chemical production of butadiene and 
styrene has been maintained at high rates throughout the operat- 
ing period to date, and over-all operation should compare favor- 


ably with that of any other steam plant of its size and operating 
conditions, 


Discussion 


J. M. Harvey.‘ The character of the water in the Ohio River 
and its tributaries is such that many problems must be met which 
do not exist where water of more stable quality, such as water 
from the Great Lakes, is utilized for boiler-feed purposes. Acid 
mine drainage and extensive use of these streams for disposal of 
industrial waste and sewage from the heavily populated sur- 
Toundings make for extreme variation in the character of the 
Tiver water. 

Characteristic is the trend from a bicarbonate condition, with 
low dissolved solids and increased suspended material during the 
heavy run-off in the spring and early summer to a highly acid 


‘ Engineering Service, Hall Laboratories, Inc. Pittsburgh, Pa. 


condition, with high dissolved solids and low suspended material 
during the low flow in late Summer and Fall. Localized pollu- 
tion and the presence of river pools may further influence the 
character of the river water at a particular plant intake. 

Generally, the periodic variations in dissolved solids will follow 
a somewhat fixed pattern with minimum and maximum concen- 
trations reaching about the same value each year, and with the 
average concentration varying not more than a few ppm over a 
period of several years. However, combination of conditions 
may produce considerable deviation from the normal pattern as 
shown by Fig. 5 in the paper, charting variations during a period 
when industrial activity was at an unprecedented high. 

The wide flexibility of the water-conditioning facilities in- 
stalled at Kobuta made it possible to cope with the variations 
imposed and maintain boiler-water conditions within closely 
defined limits. Even so, characteristics of the river water exert 
their influence and have been productive of adherent sludge 
deposits in the boilers. Specific measures were adopted several 
months ago which we believe, and which are proved in part, will 
solve this problem. 

In January, 1945, silicate treatment was introduced to one of 
the natural-circulation boilers. At this time the routine water- 
testing program was expanded to include determination of the 
silica concentration in the boiler water and saturated steam. 
These tests soon established the fact that there was no significant 
difference between the silica present in the steam generated by 
the boiler receiving silica treatment and the boilers not receiving 
this treatment. 

Since all the natural-circulation boilers had been mechanically 
cleaned just prior to the introduction of silicate treatment, in- 
spection of these boilers in June, 1945, after a 6-months’ run, 
afforded the opportunity to compare the appearance of the in- 
ternal surfaces of the boilers. The boiler subjected to silicate 
treatment was decidedly cleaner than the other natural-circula- 
tion boilers. 

On the basis of these observed conditions, silicate treatment 
was extended to all the natural-circulation boilers as well as the 
forced-circulation boiler. Inspection of the forced-circulation 
boiler in October, 1945, after a run of approximately 60 days on 
silicate treatment, revealed accumulation of scale particles in the 
orifice headers to about the same extent as noted during previous 
inspections. However, finely divided sludge, which had been 
found intermingled with the scale particles on previous occasions, 
was almost entirely absent. The scale particles are identical in 
chemical composition to the finely divided sludge formerly found 
along with the scale particles. This is indicative possibly that 
the scale particles originate at some point in the circulating sys- 
tem where the finely divided sludge adhered and attained more 
coherent and compact form under conditions existing at that 
point. Thus we believe there is some possibility that the scale 
particles will be eliminated with continued operation on the sili- 
cate treatment. 

In connection with the silicate treatment, it is also worthy of 
mention that inspection of the 35,000-kw back-pressure turbo- 
generator in October, 1945, showed the complete absence of any 
deposits. This inspection was made after approximately 2 years 
of operation, and silicate treatment was in effect during the last 
9 months of operation. 


H. J. Kuorz.5 The authors of this paper are to be commended 
for the unprejudiced presentation of the comparison of the oper- 
ating characteristics of forced- and natural-circulation boilers of 
the same capacity installed side by side in an industrial plant 
and performing under identical conditions as regards load and 


5’ Chief Power Engineer, Stone & Webster Engineering Corpo- 
ration, Boston, Mass. Mem.3A.8.M.E. 


i 
3 
: 
~ 
i 


408 TRANSACTIONS OF THE A.S.M.E. 


feedwater. The writer’s connection, as consultant to the Office of 
Rubber Reserve, with the operation of the Koppers plant, has 
afforded an opportunity to observe that the plant-operating 
organization has been equally unprejudiced in its handling of the 
boilers. There has been not the slightest tendency to favor 
either type of boiler, but a conscientious effort has always been 
evident to meet any special requirements imposed by the two 
types of boilers. The fairness of their comparison has thus been 
assured. 

It is, of course, too much to expect that a comparison in one 
plant only could form the basis to permit final and definite con- 
clusions as to whether one or the other type of boiler should 
be installed. The principal offsetting features would appear to be 
the ability of the forced-circulation unit to continue in operation 
following the loss of a tube, an important item in many processes, 
compared with the greater availability of the natural-circulation 
boilers. Corrective measures adopted at the Koppers plant will 
probably obviate the importance of this comparison as it is be- 
lieved the causes of the tube ruptures in the natural-circulation 
boilers have been greatly minimized, and the lower availability 
of the forced-circulation boiler should eventually be overcome by 
further progress in chemical treatment of the feedwater plus 
possible additional mechanical features to prevent sludge accumu- 
lation on the orifice strainers. 

The extremely variable nature of the make-up water at this 
plant makes the latter an important consideration and one which, 
until it is overcome, points to the desirability of the natural- 
circulation boiler for comparable water conditions. 

It is important to note that the pumps required for circulating 
water with the forced-circwlation boiler have imposed no operat- 
ing problem. 

Experience at the Koppers plant indicates that the practic- 
ability of the forced-circulation boilers for industrial plants has 
been sufficiently proved to warrant additional installations, and 
that any plant considering the choice between the two types 
would be safe in basing its decision on the relative investments 
and space requirements after assuring itself that any possible 
feedwater limitations would be satisfactorily met. 


W. S. Parrerson.£ The authors have refrained from com- 
paring differences in design in the two boiler types unless these 
differences have, up to the present time, resulted in operating 
assets in favor of one type or the other. However, since forced 
circulation, applied to large steam generators, is new in this 
country, it will be of interest to point out some of the reasons 
for the difference which will be noted from a study of the paper, 
and some of the potential assets. 

Small-diameter tubes are used in forced-circulation boilers 
because a high flow resistance and velocity in the tubes are desir- 
able, and because a high fluid velocity in the tubes can be real- 
ized with a minimum quantity of circulating water handled by 
the pumps. Small-diameter tubes can have very thin walls, 
resulting in low hot face skin temperatures and low temperature 
stress in the tube metal even with very bigh rates of heat absorp- 
tion. There is also a saving in weight of tube metal and weight 
of water in the tubes; but the advantages of small tube diameter 
are most apparent in high-pressure boilers as will be seen from 
Fig. 7 of this discussion. 

Although bifurcated tubes have been used in natural-circula- 
tion-boiler furnaces, this is the first application of trifurcated 
furnace tubes. Such an arrangement decreases the number of 
header connections, orifices, and access openings. Before this 
boiler was placed in operation Pitot tubes were installed in each 
tube of several of the trifurcated furnace elements to check rela- 


¢ Assistant Manager, Forced Circulation Boilers, Combustion 
Engineering Co., Inc., New York, N. Y. Mem. A.S.M.E. 
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Tube Diameter. ... lin. 
Wall thickness...... -48in. -15in. 
Velocity ratio......... 1 4.7 
Tube weight ratio... .... 1 .335 
Water weight ratio..... 1 .213 
Temp. gradient ratio 1 326 


Fie. 7 FurRNACE-WALL-TUBE COMPARISON FOR TANGENT SPACING; 
SMALL-DIAMETER VERSUS LARGE DIAMETER 
(Velocity ratio is based upon same circulation ratio for both arrangements.) 


tive water distribution. The results are presented in Table 5 of 
this discussion. 


TABLES DISTRIBUTION IN TRIFURCATED FURNACE 


250,000 to 300,000 Ib per hr 


730 to 740 psig 


Boiler Pressure. 


Front furnace 
Trifurcate no. — 1 -13-——_ ——-22- 
Tube no..... 1¢ 2 3 37 38 39 64 65 66 


Flow through 
tube, percent 33.6 34.8 31.6 35.0 34.8 30.2 31.8 37.8 30.4 


-—Rear furnace wall— furnace wall— 
RR l 


Trifurcate no......... 
181 182 1832 1¢ 2 3 
Flow through tube, 

27.4 35.8 36.8 26.8 37.8 35.4 


® Denotes tube in corner of furnace. 


The convection boiler, called the “secondary generator,’’ also 
employs 1!/,in-OD tubes, but they are fitted with 1/,-in-high 
fins and disposed horizontally in a bank below the economizer. 
These tubes are bifurcated at the end adjacent to the control 
orifice so that each orifice serves two circuits which are inter- 
meshed, with forged return bends and long-radius bends alter- 
nating through the length of each circuit. The tubes are ar- 
ranged in staggered relationship with 2?/;-in. horizontal and 
31/,-in. vertical spacing, and because of their small diameter and 
transverse flow of the gases, a very high heat-transfer rate is ob- 
tained without the use of baffles and without resorting to a high 
gas velocity. The surface installed per cubic foot of space in the 
secondary generator is about twice that of a conventional boiler 
and each element is independently removable through a large 
door at one end. 

The “water-cooled beams’ mentioned in the paper, support 
the secondary generator and both economizer sections. They 
are shown at three elevations in Fig. 2 of the paper, and consist 
of two parallel sets of three headers each, with series flow through 
each set. The tubes supplying the outer end of the uppermost 
headers are shown coming off the main distributing header. 
The water passes through the uppermost headers, thence by ex- 
ternal connections to the inner end of the lowest headers, through 
the latter to the outer end, and thence through external connec- 
tions to the single secondary-generator inlet header containing 
the control orifices. The two intermeshed circuits of each second- 
ary-generator element terminate in separate discharge headers 
which support the lower economizer section From _ these 
headers the steam-water mixture is discharged to the boiler drum. 

Since the steam drum is not required to support a bank of 
steam-generating tubes, it is located entirely outside the setting 
as shown in Fig. 2 of the paper, which is sometimes possible but 
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rarely convenient in designing a natural-circulation boiler. In 
the case of thick drum shells exposed to hot gases, drum pro- 
tection must be provided, which introduces a maintenance item 
for the operator; also, where a boiler baffle abuts the drum shell, 
a positive and tight seal must be maintained to prevent fly-ash 
erosion of the drum due to baffle leakage. These problems are 
absent when the drum is outside the setting and therefore repre- 
sent potential operating assets. It will also be noted that all the 
drum-tube connections in Fig. 2 of the paper are in one quadrant 


of the shell, thus reducing to a minimum the amount of thick shell” 


plate required. 

The authors point out an operating disadvantage of a high- 
capacity boiler containing a very small quantity of water, when 
the rate of blowdown is high due to high make-up of water having 
high total solids. However, the low weight of water is also asso- 
ciated with low weight of tube metal and this combination results 
in a lower fuel requirement to place a forced-circulation boiler in 
service and less heat loss on cooling down. This would be a dis- 
tinct asset in the case of a boiler subject to week-end shutdowns 
in many industrial plants. In combination with forced circula- 
tion, it also permits entry to the furnace for maintenance within 
8 hr of the time the boiler is taken off the line, even in the case of a 
large high-pressure unit with a wet-bottom furnace. Also, with 
the increasing popularity of acid cleaning of boilers it is an oper- 
ating asset to require only one quarter of the amount of acid, 
flushing water, and neutralizing solution, to say nothing of the 
time saved in filling draining, etc.; and 2 min operation of the 
pumps at hourly or half-hourly intervals will completely mix the 
solvent, re-establishing a uniform concentration and uniform 
temperature, both of which are important. 

Fig. 2 of the paper shows that each pump is equipped with a 
shutoff valve at suction and discharge. It was originally in- 
tended that only one pump would be in operation and the other 
held as a spare with suction and discharge valves closed. With 
the method of operation used at this plant the spare pump idles 
at 400 rpm and with all suction and discharge valves open. The 
check valve located at each pump discharge has a bypass which 
permits operating the spare pump in this manner but limits re- 
circulation through the idle pump. The shutoff valves have 
never been used during operation because the availability of both 
pumps has been 100 per cent. 

The authors give a figure of 10,000 lb per hr steam consump- 
tion for circulating-pump drives but the heat extracted in the 
turbine is only about 200 Btu per lb or 2,000,000 Btu per hr. 
The fuel equivalent of this is about 0.50 per cent of the fuel fired 
at maximum rated capacity and part of this energy is returned to 
the boiler water in passing through the pump. 

The occurrence of seale chips in the orifice headers has not been 
uniform in all headers, and this was originally explained by the 
fact that the first supply tubes coming off the main distributing 
header go to the front or burner wall; the next group at each end 
go to the side-wall headers and the center group go to the rear- 
wall header. When the sludge and/or scale chips have been 
present in serious quantities, the front-wall header has generally 
contained the most and the rear-well header the least. In fact, 
the strainers were not removed from the rear wall during one 
entire year of operation, and beginning in April, 1944, and ending 
July, 1944, there was one operating period of 30 days, followed by 
another of 60 days, during which no significant deposits occurred 
in any of the orifice headers. 

The differential-pressure regulating valves on the bleed-in lines 
to the pumps were recommended by both the pump and the 
boiler manufacturer during the design stages but were not in- 
stalled until the spring of 1945. 

The authors mention “minimum chemical-reaction time in 
the drum,” as a possible reason for seale in the orifice headers of 
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the forced-circulation boiler. However, it has been noted that a 
ring of sludge forms even in the perforations of the submerged 
feed pipe, which is an indication of very quick reaction. 

The furnace-wall soot blowers on the forced-circulation boiler 
were furnished by the boiler manufacturer in 1943 in lieu of 
removing superheater elements, because during early operation 
the steam temperature exceeded the guarantee and it was 
found that removing ash from a band of the furnace walls just 
above the burners would give 50 deg F steam-temperature 
control. 

One reason for keeping the steam temperature down on the 
forced-circulation boiler has been because the natural-circulation 
boilers do not deliver steam at the predicted temperature (see 
authors’ Table 4), and this results in different steam temperatures 
in the two turbine leads, which is objectionable. Predicted per- 
formance of the forced-circulation boiler was deliberately based 
upon moderately dirty furnace conditions. At maximum load 
the contract average gas temperature leaving the furnace was 
2110 F. A test in January, 1945, at maximum load using an 18- 
point traverse with a high-velocity shielded platinum thermo- 
couple at three elevations at the superheater entrance gave the 
following averages: 

Upper 1870 F; middle 2015 F; lower 2025 F; during the test 
the CO, entering superheater was 16.3 per cent, the average 
steam temperature 760 F; the furnace-wall blowers had not 
yet been placed in service and the walls were moderately dirty. 
In reference to the authors’ conclusion on availability, it might 
be added that the boiler manufacturer definitely recommended 
that the forced-circulation boiler be taken out of service every 60 
days for inspection, because this boiler was a new development 
and frequent inspections would avoid the possibility of any major 
damage to the unit, as well as decrease the possibility of a forced 
outage. Nevertheless, the availability of the forced-circulation 
boiler averaged close to 95 per cent from December 1, 1943, to 
April 1, 1945, and it would be of interest to learn how much 
greater availability was realized on each of the natural-circula- 
tion boilers to justify the conclusion drawn. 


8S. T. Powe.u,’ H. E. Bacon,’ anp L. G. von LossBere.® 
Personal inspections of these boilers and studies of the feedwater 
treatment by the writers confirm the authors’ observations. In 
particular, chemical and x-ray analyses of deposits removed from 
the forced-circulation boiler at the last inspection, represent- 
ing the conditions during the feeding of sodium silicate to con- 
trol magnesium in the sludge, show that the desired precipitate, 
magnesium silicate, is now being produced. However, our 
recent inspection indicates that troublesome deposits are still 
occurring in the orifice strainers. 

Our experience with water conditioning for the forced-circula- 
tion type of unit has also shown that feedwater of high quality 
is required to prevent deposits in the control-orifice strainers. 
Also, the relatively small volume of water contained in this type 
of boiler limits the concentration of constituents that may be 
tolerated in the feedwater. ; 

The favorable comparison with regard to the operating char- 
acteristics of the forced- and natural-circulation be.Jers for ~ 
the production of process steam is noted with interest. 

It is our opinion that the operators of the plant are to be com- 
plimented upon maintaining continuous,operation of the steam- 
generating facilities and related equipment under the rigorous 
conditions imposed throughout the 2-year war-production period. 


? Consulting Chemical Engineer, Baltimore, Md. Mem. A.S.M.E. 

8 Engineering Assistant to Sheppard T. Powell, Consulting Chemi- 
cal Engineer, Baltimore, Md. Mem. A.S.M.E. 

® Engineering Assistant to Sheppard T. Powell. 
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W. F. Ryan."© The authors are to be congratulated on the 
impartiality with which they have presented the facts in regard 
to these two types of steam-generating equipment. If they have 
any preference it cannot even be inferred from their paper, and 
the reader is left to draw his own conclusions. This form of 
presentation is as commendable as it is unusual in engineering 
literature. 

Steam consumed by the circulating pumps means little unless 
translated into energy; the latter is obviously a charge against 
the efficiency of the forced-circulation unit. No discussion is 
offered of the greater space and building costs required for a 
natural-circulation design. At Kobuta, it appears that the build- 
ing design was determined by the space required for the larger 
boiler and hence no appreciable savings accrued from the 
installation of a single forced-circulation unit. These savings 
might have been considerable, however, had the building been 
designed for four forced-circulation units. 

It is unfortunate that Figs. 2 and 3 of the paper, showing cross 
sections of the two boilers, are not shown to the same scale. The 
tabulations, however, show that the natural-circulation boiler 
has 4500 cu ft greater furnace volume. For four boilers, this 
amounts to 18,000 cu ft which might have been saved had the 
building been designed for the forced-circulation type of boiler 
only. Weights are not given, but from the data on heating 
surface, tube sizes, and water volumes, it is clear that the weight 
of the natural-circulation boiler, filled with water for test, is more 
than twice the weight of the forced-circulation unit. As shown 
in the tables, the operating weight of water in the natural-circula- 
tion boiler is more than 4 times that in the other type. These 
factors materially affect the cost of building steel and founda- 
tions and should ultimately have an appreciable effect on the 
cost of equipment as well. 

These are the reasons, of course, that manufacturers and oper- 
ators are willing to spend time and money on such developments 
of the art. What we all want are better boilers at less cost than 
we now have. It is apparent from this paper that forced circula- 
tion is a constructive step in this direction. 


AuTHORS’ CLOSURE 


The silicate treatment as mentioned in Mr. Harvey’s discussion 
definitely showed promising results as to the elimination of sludge 
in the natural circulation boilers. Duplicate treatment in the 
forced-circulation boiler has not produced hoped for results and 
all inspections of this boiler unit since the treatment was initi- 
ated revealed scale at the orifice strainers in amounts equal or 
greater than on previous inspections. Sludge accumulations 
were, however, somewhat reduced. Operations at this boiler 
plant are now such that continued observation of this method of 
feedwater treatment is not possible as the forced circulation 
boiler has been out of service since early in November due to low 
steam demand to process. The elimination of the troublesome 
scale at the orifice strainers remains as an important factor in 
securing greater availability of the forced circulation unit, and 
the authors believe that feedwater consultants will overcome 


10 Assistant Chief Mechanical Engineer, Stone & Webster Engineer- 
ing Corporation, Boston, Mass. Fellow A.S.M.E. 
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this difficulty by introduction of other suggested treatments, 
should the silicate not produce the desired results. The diver- 
gence in results of this duplicate treatment of the feedwater for 
both types of boilers further demonstrates that the natural cir- 
culation boilers are lesssusceptible to scale formation under equiva- 
lent feedwater conditions than the forced circulation unit. 

Mr. Patterson’s discussion of certain design features and poten- 
tial operating assets of the forced circulation boiler enhances the 
value of the paper for design engineers and operators of boiler 


plants. The authors, as operators, are naturally inclined to over- 


look design features unless they materially affect the boiler 
operation or are modified to improve the operation. The refer- 
ences to savings in weight, ‘secondary generator,” ‘water-cooled 
beams,”’ and drum location will no doubt be of great interest to all 
readers, and the authors concur in his discussion on certain minor 
advantages gained by low weight of water and lower require- 
ments for acid cleaning. The further explanations of Mr. Patter- 
son in regard to pump operation, soot blowers, and steam con- 
sumption of the pumps contributes much to enlighten the reader 
on points which the authors unintentionally might have slighted. 

The conclusion that the natural circulation boiler has greater 
availability has been demonstrated by the operating records of 
the two types of units. While operating at near peak demands, 
the outage schedule required that each natural circulation boiler 
be taken off the line every six months with the outage time limited 
to three days. The outage schedule of the forced circulation 
unit required an outage each two months with outage time 
limited also to three days. The amount of maintenance work 
required on both types was relatively equal. Thus it can be 
seen that on a percentage of availability basis the natural cir- 
culation boilers would reach 98.36 per cent or 6 days outage per 
operating year while the forced circulation boiler would reach 
95.08 per cent or 18 days outage per operating year. While the 
percentage availability difference does not seem too great, it is 
significant that the scheduled outage time required by the forced 
circulation unit amounts to three times that of the natural cir- 
culation boilers. 

The authors appreciate the discussions of all these engineers 
and the favorable comments contained in these discussions. 
That the Kobuta Plant has had such an outstanding operating 
and performance record is partially due to the suggestions and 
recommendations of these outstanding men of the steam-gen- 
eration field. 

It is well to point out that since preparation of this paper all 
the 3 in. tubes between the pump discharge header and the orifice 
headers were mechanically turbined. The amount of scale re- 
moved during this operation has led us to believe that these 
tubes are the source of scale particles, and their scheduled turbin- 
ing at times of boiler outages would do much to increase the 
operating time between outages of the forced circulation boiler. 

It will be noted that the operating assets of the forced circula- 
tion unit are inherent for this type of boiler unit, while those of the 
natural circulation boiler are not limited by its type. It would 
thus seem that further developments to overcome any deficiency 
of operating assets for forced circulation will enable us to attain 
better boilers at less cost as asked by Mr. Ryan. 
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Operating History and Performance of 2000- 
Psi Forced-Circulation Boiler at Somerset 


Station of Montaup Electric Company 


In this paper the operating experiences with the high- 
pressure forced-circulation boiler at Somerset station of 
the Montaup Electric Company are given in considerable 
detail. Special test and research activities on the installa- 
tion are reported in this and companion papers. The con- 
clusion is reached that the selection of a bare-tube, slag- 
ging-bottom, radiant, forced-circulation boiler for this 
high-pressure application has been verified by its operat- 
ing record. 


HE forced-circulation boiler at Somerset Station was in- 

stalled during 1940-1942, as part of the topping installa- 

tion. Initial pressure and temperature were dictated by the 
necessity of obtaining 25,000 kw by topping a 375-psi 750 F 
plant. The size and shape of the boiler were determined by the 
floor space and headroom available in a vacant space in the 
existing boiler room which had been allocated in 1925 to a future 
boiler of 120,000 lb per hr capacity. 

The subject boiler has a guaranteed maximum output of 
650,000 Ib per hr at 960 F at the superheater outlet. Drum 
safety valves are set to blow at 2000 psi, but average drum pres- 
sure over an extended period of time has not exceeded 1925 psi. 
Pressure at the superheater outlet averages approximately 1850 
psi, which gives name-plate pressure at the topping-turbine 
throttle. The reheater takes exhaust steam from the topping 
turbine at 400 psi 603 F, and exhausts to the station’s low-pres- 
sure header at 380 psi 765 F. The boiler and related equipment 
have been described in detail in references (1)4 and (2). 

Normally the station burns West Virginia semibituminous coal 
or bunker “‘C”’ fuel oil, and the boiler was therefore designed to 
use either fuel or any combination of the two. Since the sta- 
’ tion’s pulverized-coal system is of the storage-bin type, and it is 
necessary to supply this new slagging-bottom furnace and the 
older dry-bottom furnaces from the same supply, the furnace and 
combustion equipment were so designed that coals with ash- 
softening temperatures between 2200 F and 2600 F could be used 
satisfactorily. 

It is the purpose of this paper to discuss the operation problems 
encountered and their solution and present the results of research 
and tests on circulation, tube temperatures, and performance. 
Although all equipment manufacturers have been very co-opera- 


‘ General Manager, Montaup Electric Company, Fall River, Mass. 
Mem. A.S.M.E. 

? Assistant Manager, Forced-Circulation Boilers, Combustion En- 
gineering Company, Inc., New York, N. Y. Mem. A.S.M.E. 

* Engineering Manager, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Fellow A.S.M.E. 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Power, Industrial Instruments and Regu- 
lators Divisions, and the Joint Research Committee on Boiler 
Feedwater Studies, and presented at the Annual Meeting, New 
York, N. ¥., November 26-29, 1945, of Tue AMERICAN Society 
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tive, wartime conditions have made it impossible to effect some 
changes when they were desired. It is hoped that the complete 
topping installation can be discussed at some later date when 
changes and modifications in equipment in no way related to the 
boiler have been completed. 

After 3 months’ preliminary operation, delivering steam through 
the by-pass line, the boiler was placed in commercial operation 
with the turbine on October 26, 1942, and has been taken out of 
service 54 times from that date to the present time, November 1, 
1945. 

The longest outages, which are identified by numbers in Fig. 1, 
were chargeable to equipment as listed below the chart. Table 1 
supplements this list and shows that there were in the first three 
years of commercial operation, 8 forced outages and 46 scheduled 
outages, about half of which were directly chargeable to re- 
search and tests. Most of the outages charged to research merely 
consisted of taking the unit off the line for a few hours for check- 
ing dissolved and suspended solids in the boiler water. The sched- 
uled outages charged to other equipment were sometimes also 
used for scheduled boiler maintenance if time permitted. On the 
other hand, the forced outage in 1944, charged to slag in the su- 
perheater, was caused by malfunctioning of the air-flow recorder 
and operation with low excess air. 

Fig. 1 also shows average output calculated from steam-flow- 
integrator readings for the duration of each operating period, 
without correction for pressure or steam temperature. The meter 
is calibrated for 1825 psi and 960 F. 

Although the boiler has been operated in excess of 650,000 lb 
per hr with both coal and oil firing, output during the past two 
years was normally limited to approximately 585,000 lb per hr, 
and the average monthly load is under 500,000 lb per hr. This 
has been for the following reasons, rather than desire or necessity 
due to boiler limitations: 


(a) The necessity for keeping spinning reserve on the system at 
other points. 

(b) The large amounts of hydro-generated power which tie lines 
make available during evening and night hours. 

(c) The rebuilding of the 10-in. pressure-reducing and desu- 
perheating station which leaves only the 4-in. station with 
200,000 Ib per hr capacity in case of turbine failure. 

(d) Vibration and shaft whip in the topping turbine under 
certain load conditions. 

(e) Inability of the low-pressure plant to absorb more than: 
500,000 lb per hr when either low-pressure unit is not on the line. 


Since October, 1942, it has been impossible for the station to: 
receive coal from the normal suppliers in the Pocahontas No. 3- 
seam or the Sewall seam. Based on monthly composite samples, 
the heat content of coal as received has varied from 13,000 Btu 
per lb to 14,000 Btu per lb, moisture from 4 to 8 per cent, ash from. 
6 to 13 per cent, and grindability from 70 to 100 per cent on the 
Hardgrove scale. Ash-softening temperature has varied between 
2100 and 2800 F. A substantial part of the coal burned has 
been from either West Virginia or Pennsylvania strip operations, 
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TABLE OUTAGE TABULATION 


Annual Period Nov. 1 to Nov. 1 3-Yr_ Period 


1 
Rezson for Outage 


A_- Forced 1942-43 1943-44 1944-45 1942-45 


Furnace Tube Fuilure 
Keheater Tube Failure 
Slag in Suverhester 


|, nN 


w Joon 
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1 
2 
Total Forced Outseges 3 


B-Schedulec Outages 


Resecrck end Tests 

Piping External to Boiler 
Low Pressure ofation Repairs 
Pressure Reducing Stution 
Miscelleneous Boiler Items 
Sefety velves 

High Pressure Turbine 

Acic Cleaning Boiler 

Soot Blosers 

Reheater Repairs 

Boiler Velve 
Electric:] Troulle 

Drum Interne] Changes 


Total Scheculed Outages 
Totel Outages 


we 
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Due to overworked mills, the amount of pulverized coal through 
a 200-mesh screen has rarely been as high as 80 per cent, and 
averages 70 per cent, with 3 to 4 per cent retained on 60 mesh. 

The normal operating crew has been the boiler operator, sta- 
tioned at the control panel, and his assistant who keeps the log 
sheet and also operates blowdown, soot blowers, and attends to 
changing and cleaning oil burners. They are assisted part of the 
time by an oiler on the feeder and fan floor, who also works on the 
fans and feeders of five low-pressure boilers, and by a pump 
tender who operates the high-pressure heaters and drip pumps, as 
well as the circulating pumps. When coal from normal suppliers 
is available, the latter also acts as ashman. Feedwater chemistry 
is directly controlled by the station’s own laboratofy on a single- 
shift basis. The high-pressure-turbine operator acts as chemist 
on the other two shifts. 

The arrangement of the boiler unit as originally installed with 
changes and modifications from 1942 to 1945, inclusive, indi- 
cated in notes, is shown in Fig. 2. Following is a summarized de- 
scription of operating experiences with the boiler unit including 
a discussion of changes made and the reasons for them. 


OPERATING HistoRY AND CHANGES 


Evaporating Surface. A furnace-tube failure occurred within 
the first 2 months of preliminary operation. It was in the front 
wall a short distance below the roof and in the second tube from 
the right side wall. A short section of tube was welded in for re- 
pair. Microscopic examination of the failed section indicated 
overheating but the reason for overheating was not immediately 
determined. 

A second tube failure occurred in January, 1943, in the furnace 
roof in the same tube that had failed previously. This failure 
was occasioned by pitting on the inside surface of the tube, one of 
the pits having extended entirely through the tube. A large 
amount of solid deposit found on the inside surface of the tube 
was considered to be a contributing factor to the corrosion. Re- 
pair was made by welding-in a replacement section, and an at- 
tempt was made to locate any source of free oxygen which might 
have contributed to this failure. Consultants were also engaged 
to study the conditions which caused the deposition of foreign 
matter on the inside tube surface. 

The third tube failure occurred in February, 1943, while this 
investigation was in progress. This failure was in the left side 
wall, third tube from the rear wall. Microscopic examination of 
the failed portion indicated overheating and the cause was 
thought to be plugging of one of the orifice strainers. 

Each time the boiler was drained substantial amounts of 
foreign matter were found in the orifice headers, particularly near 
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TEMPERATURE, PRESSURE, AND OUTAGE CHART 


Loap, 


Fic. 


The numbered outages were charged as follows: 


Acid-cleaning boiler 


Pressure-reducing station 


Reheater repairs 
High-pressure turbine 


internal changes 


-pressure-turbine overhaul 


Miscellaneous boiler changes 


Drum 
High 


acid-cleaning 


ges 
urnace tube failure and 


Miscellaneous boiler chan 


F 


4 
5 
6 


Furnace tube failure 
Furnace tube failure 


Research 


2 
3 
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REWEATER HEADER CONNECTION JOINTS SEAL WELDED (1942) 
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at 


DESUPERHEATER INSTALLED (LOCATION NOT SHOWN) 
/ AHEAD OF REWEATER INLET (1943) 


OUTLET PIPE MODIFIED (1944) 


SUBSTITUTED SCREEN ORIERS (1943) 
—FURTHER MODIFICATIONS (1944) 


SUPPLIED COOLING AiR 
TO BLOWERS (1943) _ 


FURNACE VOLUME, CU FT 
Bru /CUFT/ 
SURFACE sorr 
SUBSTITUTED 6-FT LENGTH ALLOY STEEL 
IN LOWER FRONT LOOPS (1945) 


RADIANT HEAT SHIELOS ADDED (1945) 


THREE FRONT-WALL BLOWERS ADDEO 
— THIS ELEVATION (1944) 


AJTOMATIC IGNITION DISCARDED (1942) __ 


we 


COLO AIR CROSS-OVER DUCT ADDED (1943) 


—— WATER COLUMNS RAISED AND 
SUCTION PIPE SCREENS 
MODIFIED (1942) 

STEAM SEPARATING APPARATUS 
CHANGED ( 1942 AND 1943) 

BLOWOOWN PIPE MODIFIED 
(1943 AND 1944) 

SPECIAL BLOWDOWN ADDED (1944) 


REGEN 
AIR HEATERS 


UPPER 


> 
RETRACTABLE SooT 
BLOWERS AODED (1943) 


SUPERMEATER] CONV BANK 


LOWER 


LOWER j 


BOTH: SETS. OF DAMPERS IN 
TO AUTOMATIC CONTROL (1942) 


Economizer’ 


|g OCTAGONAL BONNET GASKETS SUBSTITUTED (1942) 


— SUBSTITUTED HARO BABBIT BEARINGS AND 

i REMOVED OUTER BEARING BODY SUPPORT ( 1943) 

SUBSTITUTED FIBRE O1L-PUMP GEARS (1944) 

SUBSTITUTED ROLLER BEARINGS ; ALSO NEW DESIGN 
LABYRINTH SEAL AND MECHANICAL SEAL ( 1945) 


NLL SETTLING CHAMBER AND EXTERNAL CIRCULATORS ADDED BETWEEN HEADER ENDS (1944) 


Fic. 2) ARRANGEMENT OF BorLeR Unit as OriGInaLLy INSTALLED CHANGES From 1942 To 1945, IncLustve, INDICATED By Mar- 
GINAL NOTATIONS 


the ends. Prior to the second tube failure, a sample of header 
washings was found to contain 66 per cent iron shot, 17 per cent 
mill scale, and miscellaneous oddments such as steel shavings, 
turnings, chips, and weld splatter. A sample collected at the 
time of the second failure contained 30 per cent weld splatter, 20 
per cent mill scale, and 13 per cent iron shot, plus oddments. 

The 54-in. boiler drum had been shotblasted in the shop after 
the junction headers had been attached and, although the head- 
ers had been blown out with compressed air, it was impossible to 
do an adequate job, since the header ends were closed at the time. 
The boiler had been carefully washed out and boiled out, with the 
orifices and strainers removed, prior to operation. Headers were 
washed at every available opportunity but the recurrence of for- 
eign particles and substantial amounts of mill scale persisted for 
Some time inthe lower headers. There was also evidence of chemi- 
cal hide-out whenever the boiler was taken off the line. 


In order to clean tube surfaces thoroughly and remove mill 
scale, the boiler was washed with inhibited hydrochloric acid in 
April, 1943. All orifices were removed and the circulating pumps 
were not operated during the washing and it was therefore im- 
possible to maintain uniform temperatures. In spite of this, tests 
showed that substantial amounts of mill scale and foreign mate- 
rial had been removed. Prior to this time feedwater was nor- 
mally treated with standard sodium chemicals (phosphate, hy- 
droxide, and sulphite). After the acid cleaning the potassium 
treatment developed by Dr. R. E. Hall was introduced (3, 4). 

In December, 1943, after 7 months’ operation with potassium 
treatment, including silica feed, the fourth tube failure occurred. 
This was the third failure in the same tube (second tube from the 
left side wall), and was in the section of the tube which passed 
across the roof of the furnace. The inside surface of several 
other tubes examined at the same time was coated with thick 
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sludge and scale, but the actual failure was considered to be 
caused by a plugged orifice strainer. The evidence of such plug- 
ging was missing, due, no doubt, to the disturbance created in the 
header when the tube failed; but repeated failures only in tubes 
served by orifices close to the dead end of the headers indicated 
the most probable cause to be sludge accumulations at the header 
ends. 

Study of orifice-header pressures showed that there was suf- 
ficient pressure difference between the rear and the side headers so 
that if a small circulator were installed between each end of the 
rear header and the rear end of each side-wall header, there would 
be sufficient flow between ‘the interconnected headers to preclude 
any sludge accumulation near the orifice strainers which serve the 
tubes in which failures had occurred. Circulators of 11/4 in. 
were installed between the rear header and the side headers, each 
provided with a small baffled settling chamber with sampling 
connections and blowdown valves and upper closure plugs to 
permit measuring the depth of sludge in the chambers. After es- 
tablishing the fact that they collected a considerable quantity of 
sludge, they were connected into the existing drain lines, and are 
blown down once a week as part of the operating routine. Since 
the headers have been interconnected, very little sludge ac- 
cumulation within them has been evident and very few of the 
strainer openings are found closed. In fact the strainers have 
not been removed in nearly 2 years except a few for inspection 
purposes. 

At the time of the fourth failure representative tubes were 
sampled. There were substantial sludge deposits on all of them 
and acmite scale on most. Therefore, before the boiler was re- 
turned to service it was again acid-cleaned, using inhibited hydro- 
chloric acid, supplemented by a fluoride. In order to insure a 
thorough acid cleaning at recommended temperatures, one circu- 
lating pump was operated 1 min during each half hour of the 
cleaning period, and thermocouples installed for the purpose 
showed that recommended temperatures were being maintained. 
Immediately after the cleaning and washing period the circulat- 
ing pump was dismantled and the impeller removed for examina- 
tion. There was no evidence of any attack by the acid. 

Since this fourth failure the potassium treatment of feedwater 
without silica has been used. Tube samples taken in February, 
1944, August, 1944, and September, 1945, from several parts of 
the walls showed very little sludge accumulation, and what did 
exist was not adherent but easily brushed away. There was 
évidence of very little, if any, corrosion or pitting of wall surfaces. 

Periodically throughout the 3-year operating period of this 
boiler the external surfaces of representative furnace tubes have 
been checked for external corrosion. Although an adherent 
“enamel”’ coating of fused slag has been found, similar to that 
which has been credited with causing corrosion in other furnaces, 
actual corrosion has been negligible or nonexistent up to October 
26, 1945. 

On October 26, 1945, about 22 months after the last internal 
cleaning of the boiler, three small leaks occurred in the rear fur- 
nace wall, one located less than 1 ft above the floor and two about 
20 ft above the floor in a different tube. The tubes which had 
failed were found to be heavily coated with sludge and, on the fire 
side, iron-oxide scale had formed between the sludge and the tube 
wall, indicating that the sludge had caused overheating of the 
tubes. An adjacent tube near the floor in the rear wall was in simi- 
lar condition on the inside but a tube almost directly opposite, 
near the floor of the front wall, although heavily coated with 
sludge, had most of the deposit on the casing side where it could 
not cause overheating. This latter tube was perfectly clean at an 
elevation 17 ft above the floor, and a tube in the right side wall 15 
ft above the floor was also nearly as clean as the same tube had 
been a month earlier. 
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There is evidence to indicate that a recent disturbance has 
caused this trouble because on this last outage there was appre- 
ciable external tube corrosion on some of the rear-wall tubes in the 
region of the lowest leak. Due to failure of the water seal below 
the slag hole and malfunctioning of the flue-gas oxygen recorder a 
deficiency of air near the walls and consequent abnormally high 
gas temperatures probably occurred. 

Before the boiler was again placed in service it was acid- 
cleaned, using one circulating pump a few minutes of each hour to 
maintain uniform solvent temperature throughout the unit. 
Two tubes were sampled after the cleaning to make sure of a thor- 
ough job. 

Superheater: High Pressure. There have been no failures, 
changes, or maintenance in either the convection bank or radiant 
bank. 

It had been originally expected to obtain automatic superheat 
control by having the controller operate only the by-pass damp- 
ers located at the outlet of the upper economizer. However, it 
was found that manual operation of the main-passage dampers at 
the outlet of the lower economizer was necessary to obtain quick 
response. The controls were therefore modified so that both 
sets of dampers are automatically operated, that is, as the by-pass 
dampers open the other dampers close a proportionate amount. 

Superheater: Reheat. The steam reheater which operates at 400 
psi was provided with bolted ball-and-socket joints where the ele- 
ments are attached to the headers. On account of numerous 
leaks during the first 2 months and the difficulty of access to the 
joints for refacing, it was decided to seal-weld all these joints. 

Operation at high rates of output indicated that reheated-steam 
temperatures would be too high at maximum load for continuous 
operation with carbon-steel reheater elements. It was decided not 
to reduce the heating surface but rather to correct the difficulty 
by installation of a manually controlled steam-atomizing spray- 
type desuperheater. This was installed between the high-pressure 
turbine and the reheater in July, 1943, and has given satisfactory 
control. 

It will be noted from the side-elevation view of the boiler that 
the lower portion of the front loop of the reheater is not effectively 
screened from the radiant heat of the furnace, particularly if the 
rear-wall screen tubes are kept clear of ash accumulation. Soon 
after a soot-blower overhaul in August, 1944, reheater-tube fail- 
ures in this front loop began to occur. These were quickly re- 
paired on each occasion by welding-in a new piece of carbon-steel 
tubing, but at the end of April, 1945, the lower end of the front 
loop, including the lower bend, of all 58 elements, was replaced 
with chrome-molybdenum-titanium alloy tube sections about 6 
ft long. This is the same material as used in the front section of 
the superheater for 960 F steam temperature and since the re- 
heated-steam temperature is only 765 F, no further trouble from 
this cause is anticipated. All other parts of the reheater are 
quite effectively shaded from radiant heat. 

Economizer. There have been no failures or changes in the 
economizer. There has also been no maintenance except (0 seal 
up a few air leaks at the economizer doors and in the suspended 
arch where the hanger rods pass through the roof. 

Steam Drums and Drum Internals. Because of the forced-circu- 
lation feature it was possible to operate the pumps with cold 
water and observe the flow of water into and out of the drum with 
the manholes open. Before placing the boiler in operation the 


flow of water toward the two suction pipes at the ends of the drum 
was photographed, and it was observed that a vortex was created 
over each suction-pipe nozzle, and that air was drawn into the 
suction pipes when the water level was low. The design of suc 
tion-pipe screens was changed and a coverplate was incorp: rated 


to eliminate the undesirable turbulence. 
In reference (1) Fig. 13, it will be noted that the feedwater trom 


¥ 
> 
gh 
oF 
j 
2 i, 


PARKS, PATTERSON, RYAN—HISTORY AND PERFORMANCE OF BOILER AT SOMERSET STATION 415 


the economizer outlet discharges into the drum through tubes 
entering the bottom of the shell and that a deflecting baffle 
was installed directly above the outlet of these tubes. It was 
found that this resulted in low shell temperatures between this 
region and the suction-pipe nozzles. This baffle was removed in 
December, 1942, in order that the feedwater, which is at a tem- 
perature 100 deg F below that of the boiler water, can mix with 
the latter more quickly and thus eliminate this undesirable con- 
dition. 

The original steam-separating means consisted of a combination 
of “hydraulic baffle’ and metallic baffles in the wet drum and a 
combination of baffles and rod-type drier in the dry drum. Dur- 
ing the first few months of operation the boiler was sensitive to 
carry-over when the water level approached the center line of the 
drum and, because the feedwater regulators were not functioning 
properly, the capacity was limited to 400,000 Ib per hr, although 
higher capacity could have been carried with better water-level 
regulation. Minor modifications were tried but showed little 
promise of correcting the trouble so an entire new set of wet-drum 
internals of the “reversing-hood”’ type was substituted in October, 
1942 (see Fig. 13 of reference 1 of Bibliography). 

The blowdown line in the boiler drum as originally installed 
was found to be unsatisfactory after the reversing-hood type 
of internals had been installed because considerable feedwater 
was entering the blowdown piping. To correct this condition, 
six open-ended collecting pipes were extended upward above the 
water’ level so that concentrated boiler water from the hoods 
would discharge directly into the collecting pipes. 

Although the reversing-hood steam separators in the wet 
drum resulted in satisfactory steam purity at loads up to 500,000, 
it became obvious in June, 1943, that further improvements 
would be necessary to meet the guarantee of 0.50 ppm solids in 
steam. Furthermore, the gaskets of the drum internals had de- 
teriorated during the acid wash of the boiler in April, 1943, so that 
in August, 1943, the wet-drum internals were regasketed with 
copper-covered asbestos and screen driers were substituted for 
the rod driers in the dry drum. 

Early in 1944 ° special laboratory evaporating apparatus, 
which permitted the determination of solids in steam by evapo- 
rating a 4-liter sample every 24 hr, was used to check the solids in 
steam. It was found that at maximum guaranteed output the 
guaranteed 0.50 ppm was being exceeded. Part of the difficulty 
was believed due to the fact that the steam-discharge tubes from 
the dry drum are not uniformly spaced along the drum but are 
arranged in three groups. A new set of low-velocity screens was 
substituted and a perforated baffle plate was installed ahead of 
each group of steam-discharge tubes to produce uniform velocity 
through the sereens. 

The steam line supplying the high-pressure soot blowers was 
originally connected to a nozzle near the center of the dry drum. 
The steam was taken out of the drum from the space between the 
screen driers and the steam-discharge tubes, and it was found that 
when the soot blowers were operated there was an increase in 
moisture in the steam in the saturated header of the superheater. 
‘To improve this condition the soot-blower steam nozzle was ex- 
tended to take steam from the drum before it passes through the 
final drying screens. Gasketed joints in the wet drum were seal- 
welded at this time. 

lxcellent steam quality is now obtained from this unit and the 
results are included elsewhere in this paper. 

\lthough there are generally only 10 to 20 lb of sludge in the 
wet drum after several months of operation, it has been noted 
that when the fires are extinguished preparatory to taking the 
boiler out of service, the blowdown water sample always becomes 
very turbid. The theory was advanced that the most quiescent 
zone in the wet drum during the steaming period is on the bottom 


of the shell between the 18 feedwater discharge nozzles which pro- 
ject into the drum about 2 in. This would then be a logical 
place for sludge to accumulate; but when the feedwater flow rate 
is reduced on shutting down the boiler the flow of water toward 
the suction pipes might wash this deposit away. Accordingly, in 
February, 1944, a special blowdown pipe was placed on the bot- 
tom of the drum and connected externally, through valves, to the 
continuous blowdown pipe. A study was made of the increase 
in turbidity of the blowdown sample on opening these valves and 
it is now part of operating routine to operate this special blow- 
down once a week. 

In a boiler of this type it is possible to check the circulating 
ratio quite accurately by determining the solids concentration in 
the water at the circulating pumps and in the concentrated water 
leaving the steam-generating circuits, provided a representative 
sample of the latter can be collected. Fig. 3 shows a novel means 
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Fic.3 ARRANGEMENT OF CONTINUOUS BLOWDOWN COLLECTORS 


of collecting this sample from the concentrated water discharged 
into the drum above the water level. Six such blowdown collectors 
are uniformly spaced across the drum. The horizontal portions 
A are located directly under the slots of the reversing hoods which 
discharge water and steam into the drum. The upper surface of 
pipe A is perforated and designed to collect water at a rate several 
times greater than the maximum rate of blowdown. Any 
steam which enters pipes A is vented through an opening at B 
and the excess water is discharged through an opening at C. By 
proportioning the latter opening properly, a high collecting rate 
can be maintained in pipe A without filling the pipe, and the col- 
lecting rate is also independent of the rate of blowdown from the 
lower end of the collector at D. These blowdown collectors have 
been very satisfactory and result in minimum blowdown rate 
since they collect only the concentrated water which is dis- 
charged from the steam-generating tubes. 

Air Heaters. The air heaters have given excellent service and 
there has been practically no maintenance. The steam soot blow- 
ers have never been used nor have the heaters been washed. They 
have been air-lanced on three or four occasions during scheduled 
outages but the necessity for this has never been urgent. In ac- 
cordance with manufacturers’ recommendations, compressed-air 
blowers were recently installed to bring the installation up to date. 
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Soot Blowers. Fig. 2 shows the location of the low-pressure soot- 
blower elements and also the position of the high-pressure re- 
tractable blowers located in the roof. These latter blowers had a 
sleeve around the blowing nozzle providing an annular passage to 
permit room air to be drawn in by furnace draft for cooling the 
blowers. After about a year of operation it was found that the 
portion of the sleeve projecting into the furnace was burned off 
and that the blowing elements were also badly damaged. In 
October, 1943, air under pressure was piped to these blowers 
to provide additional cooling. 

When the boiler was operated at. 550,000 lb per hr or higher, 
continuous output, it was found that an accumulation of ash oc- 
curred in the crotch and on the slope below the reheater. There 
was a tendency for this accumulation to grow quite rapidly and 
extend up the sloping screen tubes to the superheater. Five 
retractable mass-type blowers were installed on the slope in Au- 
gust, 1943. 

In 1944 the coal was poorer than normal and quite variable. 
Slag was sometimes difficult to remove from the furnace walls. 
The soot blowers in the superheater-reheater zone were badly 
damaged and practically useless and it was found that the steam 
pressure at the high-pressure blowers was considerably below the 
recommended operating pressure. Since the coal situation might 
get worse before it got better, it was decided to review completely 
the soot-blower situation with the manufacturer and take steps 
to improve the situation during the August, 1944, annual outage. 

During overhaul, additional bearings were provided for several 
of the low-pressure elements, particularly in the superheater- 
reheater zone. Replacement elements with larger nozzles were 


installed between reheater and front superheater and the wall 
boxes which were out of alignment were relocated. Operating 
mechanism of all blowers was overhauled and some changes made 
to facilitate operation. Two of the roof blowers were moved down 
to the side walls to replace wall blowers at the elevation of, and 


just in front of, the bottom of the slope below the reheater to as- 
sist the slope blowers which were not very effective near the side 
walls. The two side blowers thus replaced, plus one blower 
“stolen” from the upper front wall above the auxiliary burners, 
were located in the front wall at the elevation of the first row of 
observation doors above the burners. 

During the process of overhauling all the retractable blowers 
it was found that part of the damage and malfunctioning was due 
to lack of lubrication. A lubrication schedule was set up and 
central lubricating stations were installed so that several blowing 
elements could be lubricated from each station. With the excep- 
tion of the slope blowers there was very little soot-blower main- 
tenance during the following year and at the end of that time 
all of the blowers except those in the slope were still in good con- 
dition. , The cleaning effectiveness of the blowers as a whole has 
also been very good since this August, 1944, overhaul. Part of 
this improvement can be attributed to the higher steam pressure 
available at the high-pressure blowers after repairing the pressure- 
reducing valve through which this steam passes. 

At the present time the nozzles of the slope blowers do not re- 
tract far enough to protect the blowing heads and there is con- 
siderable maintenance. Also, in spite of frequent lubrication, 
some of these blowers have become inoperative due to the action 
of heat on the lubricant. Correction of these difficulties is still 
being followed by the soot-blower manufacturer, but in fairness to 
him it should be pointed out that space limitations had made it 
necessary to install blowers with only 5-in. travel. The blowers 
must advance far enough so as not to cut the tubes in the slope 
and at the same time retract far enough to be out of the heat, and 
the blowing head is about 2 in. long with three large nozzles cov- 
ering about 100 deg of blowing arc. 

Circulating Pumps. Except for two leaks at the circulating- 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1946 


pump heads, the circulating pumps performed satisfactorily dur- 
ing the first 3 months of preliminary operation but toward the 
end of October, 1942, trouble developed in the labyrinth of one of 
the pumps. As described in reference (1) the labyrinth provides 
a means of sealing the pump against leakage of hot boiler water at 
nearly saturation temperature by introducing lower-temperature 
feedwater at a higher pressure at one end of the labyrinth pas- 
sage. The labyrinth is a close-clearance passage between moving 
and stationary parts and as the sealing water flows toward the 
leak-off point adjacent to the packing gland the pressure breaks 
down to about 150 psi. An increase in leak-off pressure could be 
caused by increased flow through leak-off piping and is an indica- 
tion of increased sealing-water quantity due to excessive wear in 
the labyrinth. This is how the first labyrinth trouble was de- 
tected. When the pump was opened up, the labyrinth surfaces 
were found to be badly worn, but new parts were installed without 
any changes except to realign the pump. 

The A pump which had a labyrinth failure in October, 1942, 
had another similar failure in November, 1942, and toward the 
end of December, 1942, the labyrinth in the B pump failed. New 
sleeve bearings were installed in the A and B pumps during Jan- 
uary, 1943, and the bearings of all three pumps were changed. to 
hard babbitt in February, 1943. 

During the overhaul for bearing replacement on the C pump, it 
was discovered that the pump could not be rotated until the sup- 
port under the coupling end of the bearing body was removed, and 
in March, 1943, the supports were also removed from under the 
coupling end of the bearing body on both A and B pumps. _Indi- 
cators were used to record the amount of vertical and horizontal 
movement of each bearing body when the support was removed. 
It was found that these supports had been exerting a strain on the 
bearing body which probably was resulting in misalignment of 
the shaft in the labyrinth. It was later found that temperature 
changes within the pump and/or piping would produce a few 
thousandths of an inch movement of the floating end of the bear- 
ing body and that the upper and lower parts of the bearing-body 
bracket were not at the same temperature. Insulation was added 
to the lower part of the bracket to correct this latter condition. 

Also in March, 1943, the A pump labyrinth failed for the third 
time but the trouble was found to be corrosion or erosion of the 
casing in the labyrinth section. This was repaired by applying 
stainless steel and remachining. The other two pumps were 
overhauled during April and May, 1943, and there were no further 
failures in the labyrinths. However, there were several failures 
of B and C oil-pump spur gears later in the year; fiber gears were 
substituted and gave much longer life than the bronze gears. 

Bearing troubles were encountered not only with the circulat- 
ing-pump motors but on other pump motors in the station. The 
trouble in the ¢ase of the circulating pumps was diagnosed as 
being due to expansion of the pump shaft toward the motor a suffi- 
cient amount to put a thrust on the motor bearings. This move- 
ment had not been allowed for in the design of the motors. After 
the replacement of several sets of motor bearings, the pump manu- 
facturer corrected the trouble by the installation of limit stops 
in the flexible couplings located between motor and pump. 

Although there was no trouble or maintenance on the circulat- 
ing pumps since the spring of 1943, except oil-pump drive gears, 
the amount of water used to seal these pumps greatly exceeded the 
manufacturer’s predictions. The pipe carrying this water to the 
pumps from boiler feed pump discharge was therefore much 
overloaded, thus making it necessary to carry a pressure at the 
feed pumps about 200 psi above boiler pressure in order to have 
sufficient sealing-water pressure at the pumps. In order to be 
able to operate with closer clearances in the labyrinth, to reduce 
the sealing-water requirements, the pump manufacturer decided 
to rebuild the bearing body and to substitute roller bearings in 


place of the babbitted sleeve bearings. The design of the laby- 


rinth was also changed to accommodate a mechanical seal between | 


the sealing-water injection point and the impeller chamber. This 
seal reduced the leak-in of seal water to the pump practically to 
zero. Further reduction in sealing-water requirements was ac- 
complished by the close clearances in the labyrinth passages so 
that the over-all result was to reduce the injection water, leak-off 
and leak-in, to amounts far below the original predictions, and the 
high-pressure leak-off was eliminated completely. One of these 
pumps was rebuilt about February 1, 1945, and there has been no 
perceptible increase in sealing-water requirements. This pump 
was dismantled after 2 months’ operation and the boundary sur- 
faces of the labyrinth passage were in excellent condition. The 
second pump has just been changed over and the third pump will 
have also been rebuilt by the time this paper is presented. 

Water-Level Indicators. Four water-level devices were in- 
stalled on this boiler, consisting of a recorder and an Eye-Hye 
gage on the operating panel, a double-window Bi-Color gage with 
21-in. visibility and mirrors on one end of the drum, and a double- 
window Micasight gage with 18-in. visibility on the other end of 
the drum. The indirect-type gages have been very satisfactory 
but they do not give a true indication when the pressure is below 
the design value, due to change in water density. 

The center of both water-level gages was originally located 10 
in. below the drum center line. This meant that in one gage the 
water level was still visible when there was only 6'/2 in. of water 
in the drum, which would expose the modified suction-pipe cover 
plate, and result in steam entering these pipes. The water col- 
umns were both raised so that the normal water level and center 
of gage are now 5 in. below the center of the drum. 

Illumination of the double-window Micasight gage was not 
sufficiently bright to permit the water level to be observed frora 
the operating floor. The manufacturer decided that it would be a 
physical impossibility to line up the double-window gage for good 
visibility because there was only one spot on fhe operating floor 
from which the gage could be seen and part of the window was 
obstructed by a steel beam. A single-window gage of 12-in. visi- 
bility was substituted in August, 1948, but after a short period of 
operation the image of the water level became too faint to be seen 
from the operating floor. In October, 1945, the gage manufac- 
turer installed a new improved illuminator and mirrors to reflect 
the water-level image to a convenient point near the operating 
floor. Visibility of the image with new mica windows was very, 
clear but decreased rapidly. It remains-to be determined how 
often the mica will have to be renewed to maintain satisfactory 
visibility. 

The Bi-Color gage has required frequent maintenance. It has 
been necessary to have a spare gage available for replacement due 
to the frequency of failures. One of the gages was modified by the 
manufacturer in February, 1944, but the modified gage was no 
improvement. The other gage was modified in a different manner 
in September, 1945, but failed after 8 days in service. One of the 
gages was recently assembled in an improvised manner and at the 
time of writing, has been in service 5 weeks which is the best rec- 
ordso far. However, visibility of the water line at the end of that 
time is only fair due to dirty mica. 

Burners. The automatic ignition system used light oil, me- 
chanically atomized and electrically ignited. From a control 
station it was possible to start up the oil pump, insert the ignition 
torches and ignite the oil. The principal trouble encountered was 
with the mechanism used to insert and retract the oil burners. 
The automatic features were discarded in favor of torches of 
steam-atomizing type using heavy oil and which are moved into 
position by hand. 

The pulverized-coal burners are located in the four corners and 
fire tangentially. No changes have been made except to incline 
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the lowest row slightly downward to improve slag fluidity on the 
floor. 

There are four auxiliary oil burners in the upper front wall 
which are required to maintain maximum steam temperature at 
reduced load when the unit is operating with a clean furnace and 
100 per cent oil fuel. These burners are not required to supple- 
ment coal-firing nor are they necessary with intermittent coal and 
oil firing. They have never been used and were found to be 
damaged due to radiant heat from the furnace after a year of dis- 
use. The vanes and other metal parts were burned or distorted. 
They were repaired and removable Fahrite protecting plates in- 
serted to shield them from the furnace heat. 

Miscellaneous: Valves, Piping, Ducts. During the period of 
preliminary operation, with frequent starting and shutting down, 
considerable trouble was encountered due to leaks in the bonnet 
joints of the large gate valves in the suction and dicharge lines of 
the circulating pumps. These flanged bonnets were originally in- 
stalled with ring gaskets of oval section. Leakage troubles were 
corrected by changing to gaskets of octagonal section. 

Two outages were charged to safety valves because two shut- 
downs were scheduled to lap-in the seats of leaky valves. 

There are two forced-draft fans and two air heaters with a com- 
mon preheated-air duct below the air heaters. Although dampers 
were provided at the inlet to each fan and air heater and, in the 
cold-air by-passes, these dampers did not prevent the preheated 
air from leaking through to the idle fan, when only one fan was in 
operation, and burning the paint onthefan. A crossover duct was 
installed in 1943, between the cold-air outlet ducts of the two fans 
to correct this condition. 

A program involving several changes in the exhaust-steam pip- 
ing between the high-pressure turbine and the low-pressure sta- 
tion header is in progress at this station for the purpose of reduc- 
ing the pressure drop between those points. The first change was 
to modify the outlet connection of the reheater, in August, 1944, 
when it was realized that a reduction in pressure drop of several 
pounds per square inch could be obtained. The reheater origi- 
nally had a single outlet near the center of the outlet header, and 
two additional 6-in. outlet pipes were added. 

Another piping modification was to install a by-pass line 
around the high-pressure feedwater heaters permitting both heat- 
ers to be out of service without having to shut down the high- 
pressure boiler. The by-passline also increases flexibility of opera- 
tion by facilitating an increase in the quantity of low-pressure 
steam from the high-pressure boiler without increasing the output 
of high-pressure steam. Under certain load conditions this would 
obviate the necessity of placing another low-pressure boiler in 
service or in any event decrease the urgency. 


RESEARCH AND TESTS 


Special Provisions. Before the boiler was placed in operation 
more than 100 thermocouples were installed at various points 
throughout the unit for the purpose of checking operating metal 
temperatures on furnace-wall tubes, superheater, reheater, econo- 
mizer, steam drum (lower), feedwater connections to drum and 
circulating-water connections to pumps. Nearly one half of these 
wereinstalled on the hot face of the furnace-wall tubes at an eleva- 
tion about 3 ft above the furnace floor. Pressure taps and Pitot 
tubes were also installed at various points in the circulating sys- 
tem, as illustrated in Fig. 4. Actually, the Pitot-tube locations 
were further from the elbow than this sketch indicates. 

During the course of subsequent special studies, after the boiler 
had been placed in operation, additional thermocouples were 
added to lower drum, circulating pumps, reheater, and on the fur- 
nace tubes at different elevations, bringing the total number of 
thermocouples installed up to about 275. 

Steam-sampling connections were initially provided on super- 
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heater inlet and dry drum, but for special studies additional sam- 
pling connections were made at dry drum, reheater outlet, high- 
pressure-turbine inlet, and high-pressure-turbine outlet. 

A special calorimeter was installed to check for the presence of 
steam in the suction pipes to the pumps and its operation is de- 
scribed in reference (5). 

The method of installing the thermocouples and the technique 
of using Pitot tubes has been described in references (6) and (7). 

Circulation. One of the first research studies was to check the 
total circulation and distribution of circulation to the four sepa- 
rate groups of parallel circuits comprising the four furnace walls. 
In each wall one circuit had been chosen for installation of a 
pressure tap on the downstream side of the orifice. The pressure 
difference between header and the downstream tap beyond the 
orifice could then be used to determine the rate of flow through 
the orifice, using calibration data reported in reference (8) Fig. 
39, which were determined for the orifice assembly shown in Fig. 
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38, this being an exact replica of the arrangement used in the 
Montaup boiler. All the orifices serving the circuits of a given 
wall are the same size; and, since the pressure drop across the ori- 
fices is large compared to the drop across the parallel heated cir- 
cuits, very little error is introduced by using the flow through one 
orifice to calculate the flow for the entire wall. Furthermore, all 
heated tubes of a given wall are nearly the same length and all 
have approximately the same exposure to heat. By measuring 
the pressure drop across four furnace-wall orifices, it was there- 
fore possible to determine the total circulation of the unit since 
there is no other steam-generation surface or no other stray cir- 
cuits except a connection to the economizer inlet; this is used to 
circulate boiler water through the economizer when the unit is 
being brought up to pressure preparatory to placing in operation. 

The Pitot tubes in the two suction pipes to the circulating 
pumps provided another means of determining the total circula- 
tion, except that this would not include the sealing water which 
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leaks into the pump. This leak-in can be checked by determining 
the difference between rate of feedwater flow and steam flow and 
of course making an allowance for blowdown. This was done on 
certain tests during 1944, but the flow data were taken during 
1942 and 1943, and no correction for leak-in was made because 
the quantity was of the order of 0.50 to 1 per cent of the water 
being handled by the pumps, and the accuracy of the flow data 
did not warrant this refinement since it is not claimed to be cor- 
rect within 1 per cent. 

Measurement of the pump head provided a third means of 
checking the pump capacity because a pump characteristic curve 
had been determined by shop test. Unfortunately, however, 


these tests were conducted up to a capacity of only 5000 gpm 


and the curve had to be extrapolated for comparison with some 
of the field data. 

A fourth method of checking the total circulation was by de- 
termining the difference in solids concentration in the water at 
pump discharge and leaving the evaporating circuits. The fol- 
lowing equation shows the relationship of the variables involved 


W/S = C,/(C:—C,) 


where W = weight of water entering furnace circuits 


S = weight of steam generated in furnace circuits 
C, = concentration of solids in water entering, ppm 
C, = concentration of solids in water leaving, ppm 


Since the feedwater is introduced at the bottom of the drum and 
does not mix with the steam in the drum, it is not heated to satu- 
ration before entering the suction pipe. There is, of course, some 
condensation of steam in both drums, and this would tend to make 
the weight of steam generated in the furnace circuits greater than 
the weight of steam metered at the superheater outlet. Conse- 
quently, the determination of W by using the weight of metered 
steam for S would give a value of W which would be lower than 
the true value. 

When this method was first used the difference in concentra- 
tion of chloride, sulphate, and total solids were all determined for 
comparison of the results but the time required for analysis of the 
water samples was too great to permit frequent checking. The 
results reported herein are based on analysis for chlorides only. 
The chloride concentration at the pumps was generally between 
200 and 260 ppm, and it was considered possible with this concen- 
tration to determine the chloride by titration without involving an 
error of more than about 2 ppm. 

Fig. 5 shows a plot of the total flow of water through the orifice 
headers, based on measured orifice pressure drop using a mer- 
cury manometer. The data were collected at different operating 
pressures and rates of output, but the total flow appears to be 
independent of these variables over a wide range. There is, how- 
ever, a marked increase in circulation when the boiler is not steam- 
ing and when the water temperature is low. 

Fig. 6 is a similar plot of flow data based on pressure differen- 
tial measured by a mercury manometer across the Pitot tubes in 
the suction pipes. There is a greater spread in the data probably 
due to the effect of variable leak-in of sealing water, and the ef- 
fect of the economizer circulating line which was open during the 
period when most of the downtake flow data were taken. How- 
ever, this plot substantiates the previous statement that the total 
flow is quite independent of load and pressure. Figs. 5 and 6 
illustrate the fact that the flow with one pump is about 70 per 
cent as great as with two pumps. Three pumps were not oper- 
ated during the period when these data were taken, except at at- 
mospheric pressure with cold water (100 to 125 F) under which 
conditions three pumps produced only 15 per cent more flow than 
two pumps. 

Fig. 7 is a plot of measured flow rate in the suction pipes and 
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measured pressure difference between pump outlet and pump in- 
let, uncorrected for acceleration across the pump, superimposed on 
characteristic pump curves. The pressure difference was deter- 
mined by dual connections to a 12-in. Crosby test gage having 5- 
lb graduations which may have introduced considerable error in 
the pressure data. This may explain why some of the data do not 
fit the characteristic curves too well, but a small error in the flow 
rate may also be partly responsible. Also, the pump-head curves 
are plotted for 1750 rpm, and the pumps are motor-driven and 
operate at considerably less than full load amperage, particularly 
when the water density is low, so the actual pump speed may 
have at times approached 1790 rpm. The pump speed was not 
determined but the extent to which this variation would displace 
the head curve is indicated on the chart. The system resistance 
lines drawn through the test data can be considered as only ap- 
proximate since the data for one pump operation are meager and 
subject to large error in the pressure reading. 

Fig. 8 is a plot of total water flow calculated from chemical 
concentration at pump discharge and leaving evaporating cir- 
cuits, the latter based on water samples from the continuous- 
blowdown collectors shown in Fig. 3. The data are plotted for 
two-pump and three-pump operation and two chemists worked 
independently on these results which explains why two different 
kinds of points are plotted for each series of tests. No allowance 
was made for steam condensed in the drum, which explains why 
total circulation by this method is lower than the results of the 
two other methods. 

It has been shown that the total circulating-water flow calcu- 
lated from the pressure drop across four orifices checks very well 
with the total flow calculated from Pitot-tube measurements in 
the suction pipes. The distribution of circulating water to the 
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walls can therefore be quite accurately determined from the 
same orifice pressure-drop measurements and the results of sev- 
eral tests are given in Table 2. When this unit was designed the 
orifices were selected so as to control the water flow to each wall 
in proportion to the calculated distribution of heat to the walls. 
The table shows how closely this distribution and control are 
being realized with only two orifice sizes, namely, 0.34 and 0.40 
in., and also illustrates that the distribution is practically the 
same for any load or pressure. 

The distribution of water to the two suction pipes was found to 
be practically 50-50 when the two outside pumps or the center 
pump was operating. It was sometimes nearly equal when the 
center and one of the outside pumps were used but on other occa- 
sions the distribution was 45-55. 

Fig. 4 shows that pressure drop could be measured across two 
orifices in the right side wall. Equal pressure drops were often 
noted but the maximum difference in flow rate on any test was 1.5 
per cent. 

A study was also made of water distribution to the two legs of 
bifurcated circuits in the right-hand and left-hand walls. These 
circuits are indicated in Fig. 4. In each circuit the orifice pres- 
sure drop was measured to determine water flow to the circuit 
and average velocity in the two tubes, assuming equal distribu- 
tiort. A calibrated Pitot tube was installed in each leg to check the 
distribution of flow. The average velocity based on Pitot-tube 
differential was lower than the velocity calculated from the meas- 
ured orifice flow but the distribution was nearly equal as indicated 
by Table 3. 

A calorimeter similar to that described in reference (5) was used 
to check for the presence of steam in the suction pipes. These 
tests involved not only the measurement of water temperature in 
the pipes but a check on the heat exchange in cooling this water 
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TABLE 2 COMPARISON OF MEASURED DISTRIBUTION OF CIR- 
CULATING WATER WITH CALCULATED DISTRIBUTION OF 
HEAT TO STEAM-GENERATING SURFACES 


Test Date Operating Boiler Distribution of Circulating Water 
Pressure Output Front. _Rear Sides 
6-20-43 1825 285,900 37.2% 30.5% 32.3% 
6-16-43 1840 450,000 37.3 30.1 32.1 
6-19-43 1850 515,000 37.8 30.2 32.2 
6-21-43 1875 565,000 37.7 30.5 32.3 
624-4 1880 610,000 37.7 30.5 31.8 

6-543 380 37.4 28.9 33.7 
6-5-43 1840 252,900 37.4 29.9 32. 
6-5-43 1850 385,200 37.3 29.9 32. 
6-4,-43 1350 465,000 37.3 30.1 32.5 
4-22-4 1500 175,000 37.7 29.7 32.8 
4-234 1500 245,000 37.6 29.5 32.9 
4-23-43 1590 340,000 37.4 30.9 32.6 
4-23-43 1500 420,000 37.3 30.1 32.6 
7-20-42 850 110,000 35.6 30.9 3424 
7-22-42 900 156,900 34.3 30.1 35.6 

# 8-31-42 37.9 29.0 3429 

® 8-31-42 ie) 38.4 w.1 31.5 
8-31-42 37.0 28.5 


Calculated Distribution of Heat 
37.4% 29.5% 33% 


#One pump used for these tests; all other tests based on two pump operation. 


TABLE 3) DISTRIBUTION OF FLOW IN BIFURCATED CIRCUITS 


Date, 1943 6-16 6-13 6-20 o-21 6-24 
Boiler output, 1000 1b/hr 450 515 285 565 610 
Boiler pressure, psig 1349 1845 1825 1875 1380 


Right-hand furnace Mall - Circult No. 79 Tubes No. 139 and 140 


Flow Thru Tube 139 - % 49.3 50.9 49.1 49.9 48.1 
" -% 50.2 50.9 50.9 51.9 51.9 

Left-hand Furnuce Wall - Cireutt Ne. 2 Tubes No. 3 and 4 

Flow Thru Tube No. 3 - £ 50.5 50.2 51.7 51.9 51.0 
4-% 49.5 49.3 48.3 49.0 49.0 


about 200 F in the calorimeter. This gives a check on the pres- 
ence of entrained steam and none could be detected by this 
method. 

Other tests were conducted to check the water temperature at 
several points in the suction pipes between the drum and the 
pumps, by the use of iron-constantan thermocouples peened into 
the metal of the pipes under the insulation. A precision poten- 
tiometer, using an ice cold junction, was used and the data of 
Table 4 are typical of the results obtained with two-pump opera- 
tion. The difference between saturation temperature in the drum 
and the measured temperatures was 6 to 9 F which is about one 
half the calculated difference assuming no condensation of steam 
to heat the feedwater in the drum. Therefore these tests indicate 
that the rate of steam condensation in the drum was 10 to 15 per 
cent of the rate of steam flow leaving the unit and this correction, 
if applied to the Fig. 8 data, would bring the results of the chemi- 
cal method in very close agreement with the total flow determined 
by Pitot tube and orifice pressure drop. 

Furnace-Tube Temperatures. The measurement of the fire-side 
skin temperature of furnace-wall tubes is of considerable interest 
to boiler manufacturers and users. Thermocouples if carefully 
installed will give reliable readings over a period of several months 
and some have been in service more than 2 years. The skin tem- 
perature can be used to give an approximate evaluation of the 
rate of heat absorption at different levels in the furnace and to 
study the rate of slag or ash accumulation, as well as the effect 
of slag removal by blowers or by lowering the rate of steam genera- 
tion. Several papers discussing the effect of slag and ash on heat 
absorption are to be found in a recent publication (9), and some of 
the results of the studies at Montaup are included in these pa- 
pers. Another reference (10) discusses the effect of metal thick- 


5 Reference (9), Fig. 9, p.13; (see Fig. 14 of this paper). 
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TABLE 4 CIRCULATING-WATER TEMPERATURE MEASURE- 
MENTS 

Date, 1943 July 6 July 13 July 15 
Boiler output, 1000 lb/hr 550 530 550 550 
Boiler pressure, psig 1875 1870 1875 1875 
Seed temperature to drum F 510 520 500 525 
Seturated Steam Temp. F 628 628 628 628 
Temp. N. Pipe below 

upper elbow, F -- 621 619 621 
Temp. at suction header, F 622 622 619 -- 
Temp. at "A" pump inlet, F 621 622 619 621 
Temp. ot "B" pump * F 621 - -- -- 
Avg.(to nearest deg.) F 621 622 619 621 
Qifference from saturation F -7 -6 -¥ -7 


ness, heat absorption, and internal-surface factors on the tube- 
metal temperature. 

The data obtained at Montaup and already published show 
that even in a bare-tube furnace and in the zone of highest flame 
temperature with pulverized-fuel firing, the hot face metal tem- 
perature with normal slag covering was only about 50 deg F 
above saturation temperature. The tubes are 1'/, in. OD 0.165 
in. minimum wall thickness, but the average wall thickness is 
probably more nearly 0.180. It may therefore be readily cal- 
culated from the charts and equations of reference (10) that 
the heat absorption at the point of temperature measurement 
was only about 50,000 Btu per hr per sq ft, allowing for reasonable 
drop at the evaporating film. These data also show the effect of 
deliberately removing the slag and ash coating from a portion of 
the wall, thus exposing a small surface to the full radiation of the 
flame at a temperature approaching 3000 F. Under these condi- 
tions the skin temperature rose to a maximum value 172 deg F 
above saturation (786 F — 614 F saturation temperature), and 
the corresponding heat-absorption rate would be about 150,000 
Btu per hr per sq ft, allowing for temperature gradient between 
inside surface and the evaporating water. These values represent 
the extreme rate of heat absorption to which these bare tube walls 
could be subjected because if a larger area in the zone of high 
temperature were clean the radiating temperature and the aver- 
age heat-absorption rate would both be lower. 

In June and July, 1943, a study was conducted to learn the ef- 
fect of circulation rate on the polished interior surface of several 
tube specimens installed in several furnace-wall circuits. In each 
of three circuits having different-size orifices a pressure tap was 
available on the downstream side of the orifice so that the water- 
flow rate in each could be determined by measuring the orifice 
pressure drop. The results of the flow measurements appear in 
Table 5, seetion A. 

There were three thermocouples at the 30 ft elevation on side- 
wall tubes Nos, 3 and 5, and at the 24 ft elevation in the rear wall 
there were three couples on tube No. 87 and two on tube No. 81. 
When tube-temperature measurements on the side-wall tubes are 
compared to those on the rear-wall tubes, it should be considered 
that the side-wall tubes are very close to a corner of the furnace. 
The couples on tubes Nos. 81 and 87 were quite close to a furnace 
wall blower, and the temperature readings reflected the effect. of 
blower operation. At the end of 2 weeks continuous operation, 
with coal-firing, and with the boiler operating at maximum guar- 
anteed output, tube-temperature data were collected; some of the 
readings are included in Table 5, section B. 

All these thermocouples were read daily at less than hourly in- 
tervals fora month. It was noted that tube No. 81 was more sen- 
sitive to wall blowing than No. 87 but never did the temperature 
of either tube exceed 720 F even immediately after operating the 
blowers. On some occasions after soot-blowing, the temperature 
spread for the five couples was less than 10 deg F. From these 
observations it was concluded that variation in circulation from 


57 to 230 per cent of normal had no effect on the tube tempera- 
tures, 


PARKS, PATTERSON, RYAN—HISTORY AND PERFORMANCE OF BOILER AT SOMERSET STATION 


421 


TABLE 5 EFFECT OF VARIABLE ORIFICE SIZE ON CIRCULA- 
TION AND TUBE TEMPERATURE AS ae th + (A) FLOW DATA 
AND (B) TEMPERATURE DA 


A - Flow Dete — June 14 & 15, 19435 - 1845 psi - 465,000 — output 


Wall Location Left Left Rear ‘ear 
Circuit Tite No. 3&4 5&6 87 & 88 & 82 
Orifice diemeter, ia. 0.50 e24 0.24 0.25 
Winter Flow, 1t/er 12,000 5,150 6,400 3,625 
Inlet Tube Velocity, ft/sec. 9.1 3.9 2.73 


B - Jenpersture Date - June 22, 1943 - 1880 psi - 650,000 1t/hr output 


Tube No. 3 5 87 81 
Elevrtion stove floor, ft 30 30 24 4 
No. of couples 3 3 3 2 
Mex. Temp., F 663 657 690 702 
Mir. Temp., F 639 644 652 644 


* Ther sre was no downstream orifice pressure tap on this circuit but the 
water-flow figure given was obtained on the same size orifice in the 
opposite side wall. 

In October, 1944, the boiler was placed in operation with oil- 
firing after an outage. Under these conditions the furnace walls 
were clean and remained clean while tube temperatures were 
taken. Oil was fired tangentially through burners interposed be- 
tween the coal burners, and it would therefore be expected that 
tube temperatures in the lower part of the furnace would be much 
higher than with coal-firing. Fig. 9 illustrates the results of these 
tests and shows the variation in tube temperature at different 
elevations above the furnace floor when the boiler output was 
varied from 260,000 to 560,000 lb per hr. At each elevation 
noted two thermocouples were installed 1 in. apart, one as a 
check against the other, because previous experience had indi- 
cated that a couple sometimes becomes shorted against the cover 
plate, thus giving a high and erroneous reading. At the time 
these studies were made a panel of eight tubes in the right-hand 
side wall was being used for another special study of the effect of 
the orifice size on internal tube conditions, but tubes No. 133 and 
139 were the only two tubes of the group which had couples in- 
stalled at the 5-ft and 11-ft elevations. Tube No. 133 is one of a 
pair served by a normal-sized 0.34 in. orifice in the trunk of the 
bifureate; tube No. 139 was one of a pair having no orifice below 
the bifureate but having an individual orifice of 0.25 in. in each 
tube above the bifurcate. The calculated water-flow rate to 
each of these tubes is the same. The location of this group of 
tubes is one where maximum flame temperature would most likely 
oceur but it will be noted that the maximum tube temperature 
measured was 720 F. 

The object of the special study started in 1944, and just men- 
tioned as involving a group of eight tubes in the right side wall, 
was to confirm over a 1-year operating period, with routine 
boiler-water control, the general conclusions resulting from the 
shorter study of tube temperature and interior-surface condition 
of the rear-wall and left side-wall tubes. The four bifurcated ele- 
ments chosen were side by side in a zone of high heat absorption 
and actually straddled a wall-blower element located about 34 ft 
above the furnace floor. Test specimens of new tubing were 
installed in all eight tubes, extending from approximately 18 to 25 
ft above the floor, and two thermocouples were installed on each 
tube at each of the following elevations: 18 ft, 24 ft, and 26 ft. 
One bifurcated circuit had a normal orifice, one an oversize, one 
an undersize, and one element had individual orifices in each leg 
which were installed at two butt-welded tube joints in the form 
of a diaphragm-backing-ring with the orifice hole drilled through 
the center of the diaphragm. During the first month the boiler 
was coal-fired at design pressure and daytime load generally be- 
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FURNACE-TUBE TEMPERATURES AT DIFFERENT 
BES HAVING DIFFERENT SIZE ORIFICES 


TABLE 6 
ELEVATIONS ON TU 


WITH (A) COAL-FIRING AND (B) OIL-FIRING 
A- Coal Firing - 4 Weeks at 550,000 to 610,000 lb/hr Load 
TUBE 133 \\ TUBE 139 June 12 = July 125 1944 
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Fic. 9 Piotr SHowine Errect or RaTING AND ELEVATION IN 
FURNACE ON TUBE TEMPERATURES WITH OIL-FIRING 


tween 550,000 and 610,000 Ib per hr, followed by 4 days’ opera- 
tion with 100 per cent oil at 550,000 lb per output. Table 6 pre- 
sents the range of readings at each elevation on each of the eight 
tubes during these two periods of operation. 

It will be noted that tube No. 139 had abnormally high tem- 
peratures at the 18-ft elevation, although they were normal at the 
two higher elevations. The boiler was taken off the line July 16 
for a scheduled outage, and a blister was found on tube No. 139 at 
about 10 ft above the floor. A short piece was welded in and the 
boiler placed in operation the following day, but temperatures 
were still somewhat higher than normal at this one elevation. 
Subsequently, a probe was run up into these two individual ori- 
fices to make sure they were clear and after that the boiler was 
operated for over a year with normal temperatures. In October, 
1945, these individual orifices were removed and it was discov- 
ered that the probable cause of the blister was welding scale which 
had formed on and near the orifice during welding and which had 
subsequently flaked off and restricted the flow. In further dis- 
cussion of the temperatures in Table 6, the figures given for tubes 
Nos. 139 and 140 will not be considered. 

Table 6, section A, shows a wide variation in temperature due 
to the effect of ash building up and falling or being blown off the 
tubes. At the lower elevations the metal was practically at satur- 
ation temperature when covered with ash and never exceeded 705 
F under normal operating conditions. At the highest elevation 
which was still about 8 ft below the nearest wall blower the mini- 
mum and maximum temperatures were higher due to more ef- 
fective cleaning and lower rate of accumulation after cleaning. 
Table 6, section B, shows that with oil-firing the spread in tem- 
perature at all couples was much less than with coal, due to more 
uniform ash conditions at the absorbing surface. This part of the 
table also shows that with oil-firing the tubes are hotter at the 
lower elevations as would be expected with a cleaner furnace. In 
no case is there any significant difference in temperature that can 
be attributed to orifice size. 

Steam Purity. Because of the several changes and modifica- 
tions which were necessary before satisfactory steam purity was 
obtained, considerable data were collected on this subject. Dur- 
ing the early part of this work samples were taken from the 
“dry’’ drum to determine the effectiveness of the separating ap- 
paratus in the “‘wet” drum and from the inlet header of the super- 

heater to determine the final result. However, it was found that 


Orifice Size 
Circuit Tube No. 133 334 135 
Elev. 18! 


Elev. 24° 
645 
Elev.26!' Max T25 T0 720 695 720 
Min 645 --- 650 650 --- - 645 655 


Oil Firing - 4 Days at 550,000 lb/hr Load 
July 12 - July 16, 1 


Tube No. 133 134 135 136 137 (138 139 
Elev, 338! Max. 690 715 700 710 720 710 785 695 
. Min. 680 670 665 665 670 670 T10 655 
Elev. 24! Max. 690 685 680 680 675 695 690 690 
Min. 655 660 660 650 640 655 650 650 

Elev. 26! Max. 690 —— 670 685 _- -— 680 690 


Min. 


under certain conditions the steam conductivity was lower (indi, 
cating better purity) entering the final drying screens than leay- 
ing the screens, as determined by the superheater inlet-header 


sample. Switching the conductivity cells at the two sampling 
points did not change the results. Some time later it was dis- 
covered that if steam conductivity data were collected during a 
period when saturated steam was being taken from the dry drum 
for operation of the soot blowers, the conductivity of the super- 
heater inlet-header sample fluctuated rapidly, and the average 
was much higher than when the soot blowers were not being 
used. This led to the installation of a sampling nozzle in the su- 
perheated-steam line near the high-pressure-turbine inlet, and it 
was found that this sample had a lower conductivity and did not 
fluctuate or increase very much during soot-blowing periods. 

When the final changes were made to the dry-drum internals, a 
long sampling nozzle was installed at the outlet of the final drying 
screens between the screens and the several off-take tubes lead- 
ing to the superheater. Furthermore, the off-take nozzle for sup- 
plying soot-blower steam was extended through: the screens, as 
mentioned elsewhere in this paper. A sampling connection was 
made in the side of a horizontal run of this small soot-blower 
steam pipe (dictated by convenience), and subsequent checks on 
steam purity entering the final drying screens were made only 
during periods of soot blowing. 

It was found that the source of make-up water and the season 
of the year had a very marked effect on steam conductivity leav- 
ing the high-pressure boiler. For example, there was a period dur- 
ing the spring of 1944, when it became necessary to use one of the 
low-pressure boilers as an evaporator for the make-up water. 
Raw water was evaporated in the boiler and condensed in the low- 
pressure units and it was found that the conductivity almost 
immediately increased about 1 mmho all through the station at 
points where it was being measured, such as at condenser hot 
wells, feed line and high-pressure-boiler steam outlet. This 
increase was found to be due to an increase in ammonia. ‘There 
is also a seasonal variation in ammonia caused by the make-up 
water from the evaporators, even though the make-up is only 
about 2 per cent. For example, the uncorrected conductivity of 
steam in August, 1945, was about 3.5 times greater than tlie cor 
rected value but less than 1.5 times greater in the month o! May, 
1945. The corrected value is currently obtained ‘by passing the 
condensed sample of steam through a degassifier; earlier values of 
the gas correction were obtained either by checking for a::monia 
and carbon dioxide in the sample or by comparing the unc: wrreeted 
conductivity with the results of gravimetric measuremen' of the 
total solids. 
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Fig. 10 shows the relation between total solids, determined by 
evaporation, and the conductivity of undegassed samples of con- 
densed steam. The generally accepted conversion factor by 
which conductivity of a degassed-water sample is multiplied to 
obtain ppm of dissolved solids, is 0.60. Fig. 10 shows that when 
the evaporators were used for make-up the factor was about 0.40 
in the cold-weather months, and 0.20 or less in the warm-weather 
months; but when the low-pressure boilers were used to evapo- 
rate the make-up, the factor was only about 0.20, even in the cold- 
weather months. 


MONTH SOURCE OF MAKE-UP 
JANUARY TO APRIL — EVAPORATOR 
© —JUNE AND JULY — EVAPORATOR 
= — JANUARY TO APRIL __ LP. BOILER 
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Fic. 10 RELATION BETWEEN CONDUCTIVITY AND TOTAL SoLips 


DETERMINED BY EVAPORATION 


All the condensed-steam samples which were evaporated for 
total-solids determination after the final changes were made in the 
drum internals were obtained at boiler loads between 550,000 and 
650,000 Ib per hr. For each of these determinations a 3-liter 
sample was evaporated to dryness in the special steam-sample 
evaporator which is described in another paper of this series (11), 
and the results are given in Table 7. 

The conductivity of undegassed-steam samples taken from the 
dry drum ahead of the final drying screens was found to be 4.23 
mmho and 4.56 mmho at boiler loads of 620,000 and 650,000 Ib 
per hr, respectively. Other samples, evaporated during the same 
week, indicated that the conversion factor was 0.20 or less, so the 
corresponding total solids in the dry drum would be 0.85 and 0.91 
ppm, respectively. This would indicate that without the dry 
drum the purity would be equal to or better than the minimum 
guarantee of 1 ppm which has now been recommended by the 
American Boiler Manufacturers Association and Affiliated Indus- 
tries (A.B.M.A. and A.I.). The guarantee on this unit was 0.50 
ppm, and the screens in the dry drum removed enough moisture to 
bring the final results below the guarantee as will be seen from the 
results given in Table 7. 


TABLE 7 STEAM-PURITY BY EVAPORA- 


June 13 to July 20, 1944 


Boiler Output Number of Boiler Water Steam Sample 

—_lb/br Determin:tions Avg.# T.S.opm Avg.* T.S.opm 
550,000 3 593 0.34 
572,000 3 1107 0.34 
610,000 7 598 0.37 
650,000 1137 0.37 


* T.S. is total solids determined by evaporation. 


Effect of Circulation Rate on Internal Surface of Tubes. In June, 
1943, the boiler was placed in operation with one oversize and one 
undersize orifice. The location of the circuits, orifice size, and 
relative circulation rates are given in Table 5, section A. Table 5, 
section B, lists the number and location of thermocouples which 
Were installed in 2-ft-long sections of new tubing having polished 
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inside surfaces. These sections were installed to determine 
whether corrosion would occur on polished surfaces with the new 
potassium treatment, including the feeding of silica, and whether 
rate of circulation had any effect. A polished section was also 
installed in the adjacent rear-wall circuit near the discharge end, 
in the zone above the furnace roof where the tube would not be 
exposed to heat. 

At the end of 1 month of operation at 470,000 lb per hr average 
load and 630,000 lb per hr maximum load, one half of the polished 
sections were removed from the two rear-wall tubes. A super- 
ficial examination revealed no difference between the two tubes; 
each was lightly and uniformly coated on the inside with a film of 
gray sludge, and under the coating of each the metal had been 
slightly attacked on the fire side but less so on the side toward the 
casing. 

At the end of another month of operation at an average load of 
510,000 lb per hr, the remaining half of the original polished sec- 
tions were removed from the rear-wall tubes. Again a super- 
ficial examination revealed no difference between the two sections 
but there were a few small pits on each. The polished sections 
from the side wall were not removed for examination at this time 
since the study of the rear-wall tubes had shown no difference 
in appearance even with relative circulation rates of nearly 2 to 
1. The results of a more elaborate examination of the forego- 
ing and other polished sections removed at later dates are dis- 
cussed in another paper of this series (12). 

In June, 1944, when it had become apparent that the omission 
of silica from the water treatment had resulted in improved condi- 
tions, another special study was commenced involving four circuits 
in the right side wall as previously mentioned and described (see 
Table 6). After a year of operation tube sections were removed 
from these circuits in September, 1945. Again, superficial examin- 
ation of the tubes indicated that the rate of circulation, within the 
range of 200 to 75 per cent of normal, had little effect on the ap- 
pearance of the surface. Regardless of rate of circulation, all the 
tubes had a light coating of black sludge of less thickness than had 
been found the year previous; the side toward the fire was much 
cleaner than the side toward the casing; metal under the film was 
very smooth on both fire side and casing side except for numerous 
small pinpoint pits which occurred more frequently on the un- 
heated side than on the heated side. 

Table 8 shows the marked difference in weight of deposit for 


TABLE 8 COMPARISON OF WEIGHT OF SLUDGE SCRAPINGS 
FROM TUBES WITH en | ee AND NORMAL ORI- 


Orifice Designation Oversize Normal Undersize 
Orifice Diameter - in. 0.50 0.34 0.30 
Tube Number 138 134 136 
Weight of Sludge - Milligrams 
Fire Side 162.1 96.9 $7.5 
Total 406.2 275.0 24422 


the fire side compared to the casing side; in each case the tubes 
were split along the vertical axis separating the fire side and the 
casing side, and all the sludge deposit from a 5-in. length was re- 
moved and weighed. It will also be noted that the tube which had 
the highest rate of circulation also had the largest deposit of 
sludge. 

The results of acarefulexamination of the surfaces of other speci- 
mens from the same tubes are discussed in another paper of this 
series (12). 

PERFORMANCE 


Circulating Pumps. The boiler is normally operated with two 
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pumps running and the third pump idle with suction and dis- 
charge valves closed. Normally, at least one dual-drive pump is 
always in service and after 3 years of operation a power failure 
did occur and trip out both pump motors; the turbine drive on 
one pump took over the load and maintained full speed on one 
pump. Test data plotted in Figs. 5 and 6 show that two pumps 
handle about 3,200,000 lb per hr and since the operating water 
content of the boiler is about 30,000 lb (exclusive of economizer), 
this represents a recirculation rate of more than 100 times per hr. 
The ratio of water to steam for any rate of output can also be read- 
ily determined from either Fig. 5 or Fig. 6. It will be noted that 
at maximum load of 650,000 lb per hr, this ratio is about 5 with 
two-pump operation, and the same ratio would be maintained 
with one pump up to a load of about 450,000 lb per hr. At 
650,000 Ib per hr load with one pump the water-to-steam ratio 
would be nearly 3 to 1, a condition which should not cause any 
trouble during an emergency period since it has been proved in 
experiments with circuits that operation at one half normal circu- 
lation over a period of 2 months produced no ill effect. It has, 
however, been the practice‘not to exceed 400,000 lb per hr output 
with one pump, particularly if the other two pumps were not in 
condition to operate. There were short periods early in 1943 
when only one pump was in operating condition, but Table 1 
shows that no outage of the boiler was ever caused by the circu- 
lating pumps. 

The circulating-pump specifications rate each pump at 3500 
gpm 50 psi head (184 ft) when handling water at 630 F and oper- 
ating at 1750 rpm, but shop tests by the manufacturer indicated 
the total head to be 192 ft at the capacity mentioned. Owing to 
conservative pressure-drop calculations for the circulating sys- 
tem,the actual resistance for a given flow rate is lower than antici- 
pated, and consequently, the pumps operate at higher than de- 
sign capacity. Fig. 7 would indicate that when two pumps are 
operating, each is handling about 4600 gpm rather than 3500 gpm 
and that with single-pump operation the capacity is nearly 6000 
gpm. 

With two-pump operation each pump uses an average of 37 
amp at 2300 v which is equivalent to about 3,500,000 Btu per hr in 
fuel fired, or a gross input to the two motors equal to less than 0.5 
per cent of the fuel fired at maximum load. The hydraulic horse- 
power under the same conditions would be 240 for two pumps, 
which represents input of energy to the water at the rate of about 
600,000 Btu per hr, so the net consumption of the pump drivers 
would be equivalent to 0.35 per cent of the heat in the fuel fired 
at maximum output. 

Heat Absorption and Distribution. No attempt was made to 
check the actual distribution of heat to the various furnace walls 
but it can be calculated from average heat-absorption rate and 
exposed surface with due allowance for surface effectiveness. 
Table 2 shows that measured distribution of water to the various 
furnace walls is almost identical to calculated distribution of heat. 

Distribution of heat to various other parts of the unit such as 


superheater, reheater, economizer, and air heater, is readily 


checked by measuring temperature rise or drop of one or both 
fluids and calculating or measuring the quantity of the fluids. 
Total heat absorption of each part of the unit was very close to 
manufacturer’s predictions, except in the case of the reheater 
which was too conservatively designed. The method of correct- 
ing the reheated-steam temperature has been discussed elsewhere 
in this paper. 

Figs. 11 and 12 show the results of informal tests in October 
and November, 1943, with both coal and oil firing, compared to 
predicted performance for coal-firing represented by the curves. 
The steam-temperature controller was set to maintain 950 to 
960 F, according to the Micromax recorder, and the reheat tem- 
perature was also being regulated according to recorder, but at the 
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end of the tests the recorder was checked and found to be reading 
15 deg F too high. The corrected temperatures are plotted and 
therefore fall below the predicted values. However, for the 
tests above 450,000 lb per hr output higher steam temperature 
could readily have been obtained, because during these tests the 
by-pass dampers were being used to reduce the temperature of 
high-pressure steam, and the reheated-steam temperature was 
being reduced by desuperheating. 

In comparing the results of the oil-firing and coal-firing tests it 
should be noted that oil was used only for the duration of the 
tests and coal was used during about 16 hours of each day. 
Therefore the furnace walls and other heating surfaces were not 
as clean as would be the case with prolonged used of oil. 

Although the average gas temperature leaving the two heaters 
was close to contract predictions, the air temperature during these 
tests was higher than predicted. The three factors responsible 
for this were: (a) lower ratio of air to gas (6) higher gas-inlet tem- 
perature, (c) higher air-inlet temperature; but because of con- 
servative selection of air-heater surface, the air-heater heat ab- 
sorption was close to predictions. Air leaks into the economizer 
were responsible for the low ratio of air to gas, and these have 
been stopped, thus reducing both air-outlet and gas-outlet tem- 
peratures. 

Superheat Control. Steam temperature from the high-pressure 
superheater is automatically controlled and the equipment. used 
is described in another paper of this series (13). Automatic regu- 
lation of both sets of dampers at the economizer outlet results in 
very close regulation. Starting with the conditions which exist 
immediately after operating the furnace wall blowers, the by-pass 
damper is fully closed or slightly open depending upon the rate 
of output. As the furnace accumulates ash and the gas tempera- 
ture increases, the by-pass dampers automatically open and main- 
tain the steam temperature within +5 F of the desiredlimit. At 
the end of an8-hr operating period the by-pass dampers will be 
50 to 80 per cent open, depending upon the output rate and the 
nature of the coal. Then, as the wall blowers are operated, the 
by-pass dampers operate automatically to compensate for the ef- 
fect of removing the ash from the walls and maintain the same 
close regulation of steam temperature during the cleaning period. 
Tests were conducted to determine the full effect of operating the 
by-pass dampers from closed to 75 per cent open. As mentioned 
elsewhere the lower economizer dampers close as the by-pass 
dampers open, but a stop on the regulator cylinder prevents the 
former from closing fully, because full closing has never been nec- 
essary to obtain the desired control. Fig. 13 shows the results 
of these tests and illustrates how the heat absorption of the com- 
bined economizers increases as the by-pass dampers open, thus 
compensating for the decreased superheater absorption and result- 
ing in very little increase of final gas temperature. Oil-firing was 
used in order to maintain uniform conditions of furnace cleanli- 
ness during the tests. 

Capacity and Flexibility. The maximum peak capacity of the 
boiler has never been determined. The maximum demand has 
been 670,000 Ib per hr but the feeders, burners, fans, and circulat- 
ing pumps are adequate for higher output. 

At reduced pressure there is no decrease in circulation, and the 
volumetric percentage of steam in the mixture leaving the gener- 
ating tubes will increase so the average velocity in the tubes is 
greater. The unit is therefore very flexible as regards operation 
at variable pressure, and the upper limit of capacity would be 
governed by considerations of steam purity and steam tempera- 
ture rather than circulation. These upper limits were not deter- 
mined. During special tests on the high-pressure turbine, wide 
swings in pressure, output, and steam temperature were accom- 
plished very rapidly and with an excellent degree of control. 

The boiler has a very stable water level even under extreme Op- 
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erating conditions of sudden load increase or decrease. In fact, 
sudden emergency load changes have occurred without any per- 
ceptible change in water level. Also, on the occasion of furnace- 
tube failures, it has not been difficult to maintain water level 
while reducing load and pressure in an orderly manner. 

Efficiency. Coal and ash samples were not collected during the 
informal tests conducted in 1943, so complete heat-balance 
figures are not available. 

The contract over-all efficiency with coal-firing at 650,000 lb 
per hr output was 89.3 per cent, based on coal of 14,200 Btu 
per |b, with 2.8 per cent moisture as fired; and based on 15 per 
cent CO, in gases at the economizer outlet, with 290 F gas tem- 
perature leaving the air heater, 80 F entering-air temperature, 
and with 0.6 per cent allowance for unburned combustible. 

During the reported tests at 650,000 Ib per hr output, the CO, 
at the economizer outlet averaged 15.2 per cent, the air entering 
the heaters was 110 F, and gas leaving the heaters 306 F. Tests 
to determine heat loss due to combustible in fly ash were con- 
ducted at a later date when the maximum load demand on the 
boiler averaged 572,000 lb per hr, the CO, entering the convection 
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superheater section was 16 per cent, and the average heat loss 
in the fly-ash combustible for two tests was 0.47 per cent. The 
results of two other tests with 15 per cent CO:, at the same output, 
averaged 0.34 per cent heat loss in the fly-ash combustible. 


CoNncLUSION 
The authors have revealed all the experiences with this high- 
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pressure boiler in considerable detail so that others may benefit Disc ussion 


from a knowledge of what has been going on at this station during 
the last 3 years. The special test and research activities reported 
in this and its companion papers (11, 12, 13) represent only a part 
of the total number of special studies conducted. Many of these 
were associated more with operation problems of the station as a 
whole than with problems peculiar to the forced-circulation boiler. 
The judgment of those responsible for selecting a bare-tube, slag- 
ging-bottom, radiant, forced-circulation boiler for this high-pres- 
sure application has been verified by the operating record of this 
boiler. 
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Lewis J. Dawson.* It may be in order at this time to restate 
the suction conditions under which the circulating pumps operate 
in order that the importance of the labyrinth design can be 
understood. The water handled by the impeller is at full boiler 
pressure of about 1900 psi and at the corresponding saturation 
temperature of 630 F. The pressure, temperature, and incipient 
flashing preclude the possibility of using a conventional stuffing 
box in which the packing is subjected to suction conditions. 
The injection and bleed-off arrangement is required to give safe 
stuffing-box conditions and normal packing life. The labyrinth 
must be of a reasonable length and of close clearance to reduce 
injection water requirements. These two factors make it im- 
portant that labyrinth alignment be maintained. 

After it became apparent that misalignment was causing the 
labyrinth failures, the support under the coupling end of the bear- 
ing body was removed which allowed the pump to move freely with 
the piping so that no internal misalignment could occur. Meas- 
urements were taken of the movement of the free end under 
various operating and stand-by conditions. These measurements 
revealed that pipe movement was the major factor, with uneven 
bracket temperature of secondary importance. Variations ip 
these measurements, both vertical and horizontal, could be ob- 
tained by warming and starting one of the remaining two pumps, 
showing that temperature changes in the common piping affected 
alignment of the unit being measured. Equalization of bearing- 
bracket temperature did not restore alignment. 

The units are equipped with spacer-type gear couplings, so that 
the resultant 0.030 to 0.040 in. misalignment between pump and 
driver can be tolerated. In connection with the couplings, the 
author has mentioned the limit stops which were installed to pre- 
vent motor bearing failure. It is a sad commentary on motor 
design that all large motors must be protected in this manner 
because of inadequate thrust-bearing capacity. 

Failures of oil-pump spiral drive gears were found due to wear 
in the oil-pump shaft bearings. This resulted in improper 
alignment and tooth contact between gear members. Tlic neW- 
design bearing housing has incorporated a ball-bearing oi!-pump 
shaft support. 


6 Field Engineer, Cameron Engineering Service, Ingersoll-Rand 
Company, Phillipsburg, N. J. Jun. A.S.M.E. 
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With reference to Fig. 7 of the paper, it is probable that the 
actual operating speed is close to 1790 rpm under the reduced 
horsepower loading. The majority of the steaming test points 
fall reasonably close to the revised head-capacity curve. We 
note that the field points having greatest deviation are all from 
high-temperature water readings. Checking the point of greatest 
deviation, calculating the water horsepower and comparing it to 
brake horsepower input, we arrive at a pump efficiency 21 per 
cent greater than the manufacturer’s shop test curve value at the 
corresponding capacity. This would lead us to believe that the 
Pitot tube calibration is off at high water temperatures and corre- 
sponding low densities. 


AutTHors’ CLOSURE 


The same data which Mr. Dawson used in arriving at his state- 
ment that pipe movement was the major cause of pump mis- 
alignment can be interpreted differently when all the operating 
procedures occurring at the time of measurement are also taken 
into consideration. 

Fig. 4 shows the position of the suction pipes to each pump, and 
the suction header which is common to all three pumps. The 
horizontal movement of these three pipes was measured at an 
elevation 20 ft above the pumps during the process of raising 
pressure on the boiler and it was found that there was no move- 
ment of the center pipe while the movement of each outside pipe 
was about !/,in., but in opposite directions, as would be expected 
due to expansion of the suction header. This being the case, one 
would expect the movement of the coupling end of the bearing 
to be in opposite directions on A and C pumps, and no movement 
on B pump, if due to pipe strain. Instead this end of the bearing 
body moved downward on all three pumps, from a cold to hot 
condition, and the cause of the pump misalignment therefore is a 
controversial subject. The fact remains that the trouble was 
corrected by merely allowing the coupling end of the bearing to 
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float freely and by taking steps to equalize upper and lower bear- 
ing bracket temperatures. 

The authors desire to comment further on the tube failures 
which occurred on October 26, 1945. The amount of sludge 
found in the drum after this failure was greater than had pre- 
viously accumulated during any operating period of equal dura- 
tion, and this sludge was nearly 70 per cent copper. Sludge de- 
posits from the generating tubes were also higher in copper con- 
tent than previously noted. This would indicate that prior to 
this failure unusual feedwater contamination in the form of corro- 
sion products, including copper, had been prevalent. 

The failures located 20 ft above the floor were diagnosed as 
having been caused by sludge deposits and subsequent over- 
heating sufficient to cause weakened metal and intergranular rup- 
ture. The failure close to the furnace floor may also have been 
started by sludge accumulation which increased the outside sur- 
face temperature a sufficient amount to accelerate external 
tube corrosion. Concurrently corrosion was causing a thinning 
of the metal from the inside and laying down a deposit of the 
corrosion product, iron oxide, to further insulate the inside of 
the tube. When the tube became thin enough a small bulge oc- 
curred which quickly overheated locally until rupture occured. 

After acid washing the boiler, thermocouples were installed at 
four elevations between 8 in. and 24 ft above the floor on the tube 
which had failed close to the furnace floor. During the past 
five months these couples have been read twice daily and some 
of them connected to a recorder for a continuous record. The 
metal temperature 8 in, above the molten slag on the floor varies 
between saturation temperature (about 630 F) and 765 F but 
there has been no gradual increase as would be expected if sludge 
were again accumulating on the inside surface. The maximum 
temperature at higher elevations has been 10 to 20 deg F lower. 
The furnace tubes were checked for external corrosion about 
January 1, 1946, and there was no evidence of any further attack 
on any of the walls. 
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Special Studies of the Feedwater-Steam 


System of the 2000-Psi Boiler at Somerset 
Station of Montaup Electric Company 


By W. D. BISSELL ' B. J. CROSS ? anv H. E. WHITE® 


In conjunction with other studies on the high-pressure 
forced-circulation boiler at the Somerset Station of the 
Montaup Electric Company during the past 3 years, tests 
to determine, particularly, the extent of dissolution of iron 
throughout the system, and the formation of high-iron 
sludges were made. A summary of the findings of this 
investigation are given in this paper. 


URING the course of a complete investigation of the high- 

pressure forced-circulation boiler at the Somerset Station 

of the Montaup Electrie Company covering the past 3 

years, a special study was made on the feedwater and steam sys- 

tem particularly with regard to the dissolution of iron through- 

out the system, and the formation of high-iron sludges within the 

boiler. This paper gives a summary of the findings of these 
studies. 

The period covered by this work was from January, 1944, to 
October, 1945. The boiler was thoroughly cleaned by acid 
treatment late in December, 1943. The boiler water has been 
continually on potassium-salt treatment since May, 1943. 

Over the past few years the occurrence of iron oxide in boilers 
has become a matter of interest, if not concern, to operators of 
high-pressure boilers, as the presence of this substance must 
always indicate corrosion in some part of the system. Usually 
the amount of iron oxide is small by comparison with the large 
area of steel surfaces involved, and the indicated loss of metal, if 
uniformly distributed, is not large enough to be a cause of great 
concern. If, however, there are small areas of concentrated 
attack, the amount of iron oxide found may well indicate serious 
corrosion leading to failures. 

Even in the case of uniform corrosion of iron which in itself 
may not be a serious matter, the accumulation of the solid 
products might lead to failures in the boiler by insulation effect 
on surfaces receiving heat and also by obstructing passages and 
thereby interfering with circulation of water. 

Sludge deposits found in the high-pressure boiler at the Somer- 
set Station were of particular concern because tube failures that 
had occurred were attributed to these deposits either on the sur- 
faces of the tubes or on the strainers protecting the orifices in the 
tube circuits. 

The examination of samples of tubes cut from furnace walls at 
periodic examinations disclosed a thin film of deposit on the en- 
tire inner surface of the tube. On the evaporative surfaces the 
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deposit was usually baked on in a semiscalelike form. On the 
inactive surfaces it occurred as a slime which dried out to a dust. 
Both types of deposits could be removed with a stiff brush. 
Slime deposits of sludge also were found in the inlet headers, on 
orifice strainers and on other surfaces not exposed to external 
heat. Scalelike flakes of caked sludge have been found lodged in 
the holes in the strainers. Some of these flakes had a curvature 
indicating that they had formed in headers or downtake piping. 
Deposits found in the drum were more granular than those found 
in the tubes and probably represent the heavier components of 
the sludge. 

The composigion of the sludge varied somewhat with location 
but all deposits had a high proportion of black iron oxide. Typi- 
cal analyses of sludges are given in Table 1. 


TABLE 1 TYPICAL ANALYSES OF SLUDGES 


SAMPLE NUMBER 1 2 3 4 5 6 

IRON AS FecO2 - PER CET 53.3 47.0 78.2 27 63 42 
PHOSPHATE AS P205 - PER CENT 18.5 3.3 6.0 20-25 6-8 12-15 
SILICA AS Si02 - PER CENT -6 TRACE 1 TRACE 
CALCIUM AS CaO - PER CENT 12.3 4.1 6.5 20.0 10 15-20 
MAGNESIUM AS MgO - PER CENT 10.2 1.6 5 12-15 4-8 8-10 
COPPER AS Cu - PER CENT - 41.23 4.2 - ? 2 


1. SUSPENDED SLUDGE aT BLOW DOWN. 

2. DRIFT DEPOSIT IN WET DEUM, 

3. DEPOSITS STRAINERS, 

4. DEPOSIT ON DOWNCOMER SCREENS 

6. DEPOSITS IN REAR HEADER COLLECTING CEAMPER. 
6. SLI'DGE FROM REAR HEADERS, 


The high proportion of iron oxide in these sludges naturally led 
to some concern as, if it were formed entirely within the boiler, it 
might indicate severe local corrosion or pitting that would result 
ultimately in failure. 

The accumulation of sludge, regardless of its composition, in 
the boiler might result in stoppages of furnace circuits or over- 
heating of metal by insulation of heat-absorbing surfaces. Cor- 
rosion may occur as a result of the concentration of boiler-water 
salts under deposits of sludge on heating surfaces. It is known 
that adherent scales may form under such deposits on steam- 
generating surfaces as a result of the concentration of the com- 
ponents in the sludge “sponge’”’ and the higher metal temperature 
resulting from the insulation of the metal. 

The high-pressure boiler at this station delivers steam at 1850 
psig and 950 F to the high-pressure turbine. This turbine ex- 
hausts through a reheater to the low-pressure system. The 
water supplied to the boilers is condensate with make-up supplied 
by evaporators. The principal outside sources of contamination 
were condenser leakage and evaporator carry-over. 

A simplified diagram of the feedwater system is shown in Fig. 1. 
The condensate from the hot-well pumps passes successively 
through the oil cooler, 15th-stage heater, deaerating heater, 10th- 
stage heater, low-pressure feed pumps, exhaust heater, extraction 
heater, high-pressure feed pumps, high-pressure heaters, and to 
the economizer. The drips from the various heaters are re- 
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turned to the main stream as indicated. The glamd water for the 
circulating pumps is taken before the high-pressure heaters. 
The high-pressure leak-off is returned to the feed-pump suction 
and the low-pressure leak-off to the deaerating heater. Sam-, 
pling points are indicated in this diagram and are also listed in 
Table 2. The fluid temperature and pressure and the type of 
cooling coil used are given in this Table. 


TABLE 2 LOCATION AND DATA OF SAMPLING POINTS 
TEMPERATURE PRESSURE COOLING COIL 


oy LB/SQ IN 
POINT A - HOT WELL PUMP 80-100 40 NONE 

B 15TH STAGE HEATER 160 $f, STEEL 
C = DEAERATOR OUTLET 215 80 COPPER 
D - 10TH STAGE HEATER 240 80 " 

E - LOW PRESSURE PUMP 250 500 . 

- HEATER 290 500 " 

G - EXTRACTION HEATER 340 500 " 

H - ECONOMIZER INLET 450 2150 " 

I - ECONOMIZER OUTLET 520 2150 " 

J = STEAM DRY DRUM 620 1950 MONEL 
K - STEAM SATURATED HEADER 630 1930 " 

L - SUPERHEATED STEAM 950 1850 " 

M - BOILER BLOW DORN 630 1950 . 


This diagram represents the condition at the time most of the 
work reported was done. Minor changes have since been made. 


Score or INVESTIGATION 


The feedwater study may be divided into several phases both 
on the basis of the nature of the work done and on the time 
periods. Because of wartime restrictions of both manpower and 
equipment, all of the work could not be carried on simultane- 
ously. Each phase of the investigation is listed in the following 
tabulation and is discussed in order: 

Period 1. 


(a) The continuous measurement of hydrogen in feedwater 
and steam and oxygen in feedwater. 

(b) The measurement of total solids in feedwater, steam and 
blowdown. 

(c) The measurement of suspended solids in boiler water at 
shutdowns of the boiler. 

(d) The study of gases in steam, particularly as affected by 
small variation in boiler-water conditions and the normal irregu- 
larities in the functioning of auxiliary equipment. 


Period 2. The exploration of the feedwater system for dis- 


SrmMPLiFIED DIAGRAM OF FEEDWATER SYSTEM 


solved hydrogen, dissolved iron and changes in alkalinity (pH) 


Period 3. 
Miscellaneous studies as follows: 


(a) Copper in feedwater. 

(b) Bead column and ion exchanger column tests. 
(c) Tube-temperature measurement. 

(d) Corrosion detector. 


The work under Period 1 was done during January, February, 
and March, 1944. 

Period 1 (a). Recording hydrogen meters were set up to give 
a continuous record of the dissolved hydrogen in feedwater and in 
the steam delivered by the boiler. As hydrogen is one of the 
products of the reaction of water with iron, the amount of hydro- 
gen evolved may be taken as a measure of the rate of corrosion. 
As irregularities in the performance of the deaerating heater 
were suspected, a dissolved-oxygen meter was also installed to 
sample the feedwater to the boiler. With the exception of short 
outages for adjustments and maintenance, these instruments 
have been in continuous operation since January, 1944. Origi- 
nally they were installed close to the point of sampling but 
later moved, when stainless-steel tubing became available, to 4 
more convenient location for observation by the boiler operators. 

The hydrogen record for the 3-month period, January, Febru- 
ary, and March is plotted in Fig. 2. Steam flow and boiler pres- 
sures are also shown on this chart. It may be seen that while the 
hydrogen content of the feedwater is substantially constant, the 
hydrogen in steam showed relatively high values in the early part 
of January, with a gradual reduction in these values until they 
leveled out at 11/; to 1 part per billion over the feedwater values. 
While the high hydrogen values during the first week of the 
month may be partly accounted for by the lower rating, it is be- 
lieved that they are in greater part due to residual hydrogen in 
the system following the acid wash. 

The feedwater sample was usually taken from the economizer 
inlet. It was, however, occasionally taken at the economizer out- 
let. The values for hydrogen at the economizer outlet fell 
between those of the inlet and the steam leaving the boiler. 

The significant feature of these hydrogen curves is the fact that 
they show that a large part of the hydrogen in the steam enters the 
boiler with the feedwater. Also there is an indication from 
the few readings taken that there is an increase in hydrogen 
across the economizer. 
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Fic. HyproGen Content REcORD OF FEEDWATER FOR 3-MoONTH PERIOD 


A consideration of the probable reaction of iron with water At the higher temperature of the boiler and economizer the fer- 
presents the possibility that hydrogen may be evolved in the rous hydroxide may react to form magnetic oxide 
economizer and boiler without any reaction involving the metal 
of the boiler. It has been proposed that in the lower-tempera- 3Fe(OH): — Fe,0, + 2H,0 + H: 


ture areas the reaction may be 
. If, however, all of the hydrogen formed in the boiler came from 


Fe + 2H.0 — Fe(OH): + H: this second reaction, the relative amounts of H: in feedwater and 
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steam would be 3 to 4. Actually it is nearer to 2 than 3, which 
indicates some reaction with the boiler metal. 

During the 3-month period represented by this chart there were 
sporadic occurrences of small amounts of dissolved oxygen in the 
feedwater to the high-pressure unit. Changes in the deaerating 
system, made in the spring of 1944, resulted in consistently good 
removal of air and since that time the feedwater has been sub- 
stantially oxygen-free. 

Period 1 (b): Total Solids in Feedwater, Steam, and Blow- 
down. The first approach to the sludge problem was a study of 
the amounts of total solids delivered to the boiler in the feed- 
water and leaving the boiler with the steam produced and the 
blowdown removed. Samples of feedwater, steam and blow- 
down were collected in hourly increments over an 8-hr period. 
These samples were evaporated to dryness and the residues 
weighed. The standard-size samples were 3 liters for the feed- 
water, 3 to 4 liters for the steam, and 1/2 liter for the blow- 
down. All samples were evaporated without boiling in closed 
containers ventilated with filtered air. 

The results of a number of determinations are given in Table 3, 
with the calculations leading to the total amounts of solids de- 
livered to the boiler and removed from the boiler for a 24-hr 
period. Feedwater and steam flows were taken from station 
meters. The boiler blowdown was passed through cooling coils 
and weighed. Because of the dilution of the feedwater with 
condensate from the high-pressure and the extraction heater 
after the point of sampling, it was necessary to correct the total 
solids in feedwater by analysis for this dilution. Also, because 
some of the steam produced is diverted through the high-pressure 
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heater and returned to the boiler as feedwater, the measured 
steam flow must be reduced by that amount. 

It will be noted that there is in each case a positive unaccounted- 
for balance which presumably remains in the boiler. 

In a number of tests the iron content of the total-solids residues 
was determined. The calculations for iron were carried out in 
the same manner as for the total solids and a figure for iron re- 
maining in the boiler was obtained. These results also are given 
in Table 1. As with total solids, there is a positive unaccounted- 
for amount of iron. 

Period 1 (c): Suspended Solids in Boiler Water. A measure of 
the relative amount of sludge formed and remaining in the boiler 
was afforded by the determination of turbidity of the boiler water 
that occurs when the boiler is taken out of service. It had long 
been noted that on shutting down the boiler the water becomes 
turbid and that the maximum concentration of suspended solids 
occurred at the pressure interval of 600 to 400 lb pressure; this 
being at the time the fires were extinguished. Advantage is 
taken of this period to remove much of the accumulated sludge 
by blowing down. During January, February, and March, 
1944, each week was a test period during which modifications in 
operating procedure were tried. After each week the boiler was 
taken out of service and the turbidity measured while the boiler 
was being blown down. 

A graphic log of a typical shutdown is shown in Fig. 3. The 
various observations and measurements are plotted against 
time. 

The rate of reduction in load and pressure is shown in the 
lowermost graphs with notation of various operations. The 


TABLE 3 RESULTS OF TESTS TO DETERMINE TOTAL SOLIDS IN FEEDWATER, STEAM, AND BLOWDOWN 


DATE - 1944 

STEAM FLOW (METER) 1000 LB/HR 
HP BTR DRIPS (EST) 1000 LB/HR 
STEAM TO LP SYSTEM 1000 LB/HR 
TOTAL SOLIDS IN STEAM - PPM 
IRON IN STEAM - PPM 


F.W, FLOW (STEAM + B.D.) 1000 LB/HR 
T.S, IN FEED WATER (EXTR.ETR.) PPM 
IRON IN FEED WATER (EXTR.ATR.) PPM 


TOTAL SOLIDS CORRECTED (DILUTION BY 
H.P. DRIPS) 
IRON CORRECTED (DILUTION BY H.P.DRIPS) 


BLOW DOWN - LE/ER 
TOTAL SOLIDS IN BLOW DOWN - PPM 
IRON IN BTOW DOWN - PPM 


FLOW - 1,000,000 LB/DAY 
FEED WATER AT EXTR. BTR. 
STEAM TO LP, SYSTEM 
BLOW DOWN 


IN FEED WATER 
IN STEAM 
IN BLOW DOWN 


SOLIDS - LB/DAY - 


UNACCOUNTED TOTAL SOLIDS 
IRON - LB/DAY IN FEED WATER 
IN STEAM 

IN BLOW DOWN 


UNACCOUNTED - IRON 


1/26 2/1 2/8 
461 461 464 
80 80 80 
381 381 384 
76 275 
. 026 - .017 


461,500 
1.76 
- 146 


461,487 
1.77 


464,475 
1.26 
-038 


1.12 


475 
591 
-05 


11.147 
9,216 
.0114 


12,485 
4.331 
6.737 
1,317 

.157 
0006 


2/16 
461 
80 
384 
.60 


461,596 
1.73 


465,590 
2.03 


1.75 


590 
600 


11.175 
9,144 
0142 


19.556 
3.696 
8. 520 


554,594 
1.93 
065 


1,74 
063 


594 
690 
.076. 


13,310 
11.147 
.0143 


22.159 
8.583 
9.867 
4.709 

.613 


.229 


ae 

een 2/22 3/14 
465 554 
80 90 
385 464 

.40 77 
~ .029 055 
2 

1.59 1.50 1.53 
: 
500 487 596 

454 458 668 
160 - - 

11.075 11.076 11.150 

9,144 9,144 9.216 
.0112 .0117 .0143 
17,609 16.614 17.059 

6.949 2.515 5.500 

5,448 5,349 9,552 
5.212 7.874 2.007 7,340 . 

1.362 

.238 .268 
0004 


boiler had been in operation approximately 1 week using the B 
and C circulating pumps. 

The dissolved hydrogen in feedwater and steam are plotted 
only up to the time that reduction in pressure occurs. The 
readings beyond that time had no significance as the flow of 
sample was too much reduced. The slight rise in hydrogen as 
the steam flow is reduced is characteristic of most of the shut- 
downs and may be due to the increased concentration of hydrogen 
with reduced flow of steam. 

The reduction in concentration of chloride and sulphate is the 
result of increased rate of blowdown and is a measure of the 
dilution of boiler water with the increase in feedwater rate. 
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The phosphate does not show a corresponding reduction in con- 
centration, indicating a slight “hideout” of that chemical. When 
corrected for dilution, a recovery of about 1 lb of phosphate as 
PQ, is indicated. There is also a slight increase in the silica con- 
tent of the water. 

There are two graphs for boiler-water turbidity, one based 
on samples taken at the boiler blowdown, the other on sam- 
ples taken at the discharge of the circulating pumps. While 
there is good agreement in the two sets of samples, the latter are 
regarded as the more accurate as the sampling lines were much 
shorter. The turbidity rose sharply to a maximum value of 135 
ppm at the time the fire was extinguished, then decreased to 
50 ppm by 5:40 pm. At that time the A circulating pump which 
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had been out of service for a week was started. The increase in 
turbidity from 50 to 125 ppm was caused by the sludge that had 
settled out on the valves at the pump. As the water content of 
the boiler under nonsteaming conditions is about 50,000 lb, 
this increase in turbidity corresponds to 31/2 lb of sludge. 

The composite sample taken over a 20-min period at the time 
indicated in the graph was assumed to represent the maximum 
sludge brought into suspension. The peak turbidity was of short 
duration and the sludge was probably not thoroughly distributed 
in the mass of the boiler water. 

The shutdown procedure, as indicated on this chart, was es- 
tablished for the shutdown of January 29 and was followed as 
closely as possible on all subsequent tests. 

The results of the turbidity measurements for January, 
February, and March, 1944, have been plotted in the lower 
graphs of Fig. 2 using, with the exception of January 22, the results 
of the composite samples. On the January 22 shutdown no 
composite sample was taken and the point indicated off scale 
was that of the maximum turbidity sample. 

As may be noted, there is a decrease with time in the amount 
of sludge stirred up at shutdown periods. The high turbidity of 
the January 22 samples, which represented a full-pressure 
operating period of about 2 weeks, may be attributed at least in 
part to the effect of the acid wash. The gradual reduction in 
sludge over the 3-month period was principally the result of a 
closer control of condenser leakage and evaporator carry-over. 
Subsequent to this period of operation, sludge-collecting chambers 
were installed between the ends of the rear-waterwall inlet header 
and the side-wall inlet headers and also a sludge blowdown pipe 
was installed at the bottom of the main boiler drum. These 
were blown down once a week and the accumulated sludge thus 
removed during operation. 

Period 1 (d): Gases in Steam. The study under this item was 
in greater part unrelated to the work covered in this report. A 
portion of the program, however, was a measurement of the gases 
in feedwater and steam and the results afforded an independent 
check on the hydrogen, indicated by the recorders. Samples of 
water and steam were passed through a special degasifier and the 
gases removed were accumulated until the quantity was sufficient 
for analysis by a modified Orsat apparatus. The results of these 
determinations indicated hydrogen values of the same order as 
those shown by the recording instruments. The readings of the 
dissolved-oxygen recorder were also checked using a modifica- 
tion of the Winkler test. 

Period 2: Hydrogen, Iron, and pH. The work covered by this 
period was carried on during the interval, October, 1944, to April, 
1945, after two additional hydrogen recorders had been acquired. 
The two original recorders had been set up permanently to sample 
the feedwater entering the economizer, and the steam leaving the 
desuperheater. One of the new recorders was set up at the hot- 
well-pump discharge, and the second one was arranged so that it 
could be moved to various locations along the line of feedwater 
flow. 

The pH of the water was measured at the sampling points and 
samples were taken for the determination of iron. The pH was 
measured by an electrometric meter using a flow cell located at 
the point of sampling. It was found to be essential in the 
measurement of pH of water of high purity that the samples be 
not exposed to the air. Large errors may result from absorption 
and possibly the release of gases. Water samples of 1 liter were 
taken in hourly increments for the iron determination. A 

laboratory sample of 500 ml was evaporated to dryness in a dust- 
free atmosphere, then taken up with 1 ml of hydrochloric acid 
and diluted to 50 ml. The iron was determined by a colorimetric 
method using a photoelectric colorimeter. 
In the determination of these very small quantities of iron 
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extreme care was necessary to avoid contamination of the 
samples. For this reason the samples were not filtered as this 
operation would involve a hazard of contamination through ex- 
posure to the air. Although the samples were all crystal-clear, 
occasionally one would show an inordinately high iron content, 
and it was suspected that an unnoticed particle of sludge had been 
included. In such cases the result was discarded. 

The results of a number of tests are shown in the graphs in 
Fig. 4. Various conditions of load and pressure are represented. 
The values for_dissolved hydrogen, pH, and iron are plotted for 
the various sampling points. The plotted points represent the 
average of daily samples taken over a 6- to 8-day period. It was 
not possible to take samples from all points during any one test 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1946 


selection was varied for different tests so that samples at all 
points were obtained during the course of the study. 

For the study of hydrogen the plan was to have one meter 
stationed at the hot well and to advance the second one suc- 
cessively to stations along the line of flow. The hot-well sample 
consistently showed zero hydrogen throughout the study. No 
hydrogen was found at the deaerator outlet or the 10th-stage- 
heater outlet. Sporadic readings of low values were obtained at 
the discharge of the low-pressure boiler feed pump. ,From this 
point on there was a gradual increase in the quantity of dis- 
solved hydrogen along the path of flow to the maximum values 
shown for the superheated steam. This study shows that all of 
the hydrogen which appears in the boiler feedwater originates 


period and usually 6 points were selected for each test. The in the feedwater system. The hydrogen in the steam is removed 
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TEST NO, 3 


SAMPLE 9/20 9/22 


9/19 


15TE STAGE HEATER DRIPS .005 


HOT WELL 


DEAERATOR OUTLET * 


.006 


DEAERATOR OUTLET ** 


SATURATED STEAM 007. 


15TH STAGE HEATER DRIPS 


HOT WELL 


-20 


DEAFRATOR OUTLET 


STEAM -20 


* COPPER COOLING COIL 
** STAINLESS STEEL COOLING COIL 


in the condenser and none is recirculated to the feedwater. 

The pH value of the samples varied over a relatively narrow 
range during this series of tests. The pH values at the hot well 
were between 8.3 and 8.6. There was a reduction in the deaerator 
due to removal of gases, apparently NH;. Therise in pH at the 
extraction heater is ascribed to the effect of the treatment 
chemicals that are introduced ahead of that point, although it 
may be due in part to vapor from the evaporators which is intro- 
duced into the deaerator. 

The values for the iron content of the water at the various 
sampling points are given in the upper group of points. The 
points of each test are connected by lines to form curves only the 
better to identify the several points of the test. While there is 
wide divergence in values, particularly at’ the economizer inlet, 
the points of each test form the same general pattern. No rela- 
tion is evident between the iron content of the water and changes 
in pressure and boiler load. It may be concluded only that iron 
and dissolved hydrogen increase together. If we may be per- 
mitted to use the average of the rather scattered points for iron 
values at the economizer inlet, it may be pointed out that this 
average value corresponds closely to the amount of hydrogen in 
the superheated steam. From the equations given earlier, of the 
probable reactions for the dissolution of iron, one part per billion 
of hydrogen is the equivalent of 0.021 ppm of iron. The average 
hydrogen of the steam is 3.3 ppb corresponding to 0.069 ppm of 
iron. The average of the economizer feedwater is 0.079 ppm 
iron. There is as close an agreement as could be expected. 

The miscellaneous projects listed under Period 3 represent 
work done at various times during the course of the investigation. 

Period 8 (a): Copper in Feedwater. The measurement of 
copper in the feedwater was made because of the presence of that 
element in all deposits found in the boiler. As the condensers 
Were suspected of being the principal source of contamination 
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TABLE 4 RESULTS OF TESTS TO DETERMINE AMOUNT OF COPPER IN FEEDWATER 
COPPER - PARTS PER MILLION 


9/24 
.004 
.006 
.007 
.009 


AMMONIA NITROGEN - PARTS PER MILLION 


AVERAGE 
TEST 2 


AVERAGE 
TEST 3 


AVERAGE 
TEST 1 


TEST 1-2-3 


9/27 


from copper, the study was limited to this equipment. Samples 
of condensed steam from the 15th-stage-heater drips were taken 
as representative of steam delivered to the condenser and a sample 
was taken at the discharge of the hot-well pumps for comparison. 
Samples were also taken of water leaving the deaerator and 
saturated steam leaving the boiler. 

The analysis was made on 500-m] samples evaporated to dry- 
ness in the same manner as for iron. The determination of cop- 
per was by a colorimetric method. As there was a question of 
possible contamination of the samples by the use of copper cool- 
ing coils, a comparison was made between copper and monel 
coils and between copper and stainless-steel coils. There was no 
indication of contamination from the copper coils and in fact the 
very small differences in copper content of the samples from 
the three coils favored the copper coils. The sample reported is 
that taken with the stainless-steel coil. 

The results of the series of tests are given in Table 4. Daily 
results for a 5-day period are given with the average for this 
period and the average for two similar periods. While the 
amounts of copper reported are quite small, there is a consistent 
increase across the condenser. The indication of copper in the 
condensed-steam sample is rather surprising. These samples 
were condensed in a monel coil, and there is a possibility of con- 
tamination from that source. The comparative tests of menel 
and steel coils at the deaerator outlet where the sample was cooled 
only in the coil cannot be taken as assurance that there is no 
contamination under condensing conditions. 

It should be noted that there are other possible sources of cop- 
per contamination than the condenser that were not investigated. 
These are the 10th stage heater and low-pressure pumps having 
bronze impellers. There are also steam-air heaters in the coal- 
preparation housé, the drips from which are returned to the feed- 
water system. 


(COO? - .008 -011 .012 O11 
O09 .017 -011 .O11 .014 .012 
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Period 3 (b): Bead and Ion-Exchange Columns. The plating 
out of iron-rich deposits on conductivity cells, glass tubing, and 
rubber tubing through which samples of feedwater and steam 
were drawn has been observed in a number of plants. 

At the Somerset Station attention was first called to this 
p>enomenon by the necessity of cleaning the conductivity cells 
and their glass containers at least once a week. It was first 
assumed that the deposit was a result of oxidation of a ferrous salt 
and the deposition of the more insoluble ferric compound. The 
cell and thermometer were inserted in the container through a 
rubber stopper, not necessarily an airtight seal. It was, however, 
noted that the glass and rubber connections between the cooling 
coil and the cell, where there was little possibility of air leakage, 
were also coated with a similar deposit. 

This deposit was easily removed by washing with dilute hydro- 
chloric acid. Usually a slight to strong odor of hydrogen sulphide 
was noted when the cell on the steam sample was washed. 

In order further to study this plating-out effect, bead columns 
were made up consisting of !/:-in-ID pyrex tubing packed with 
1/s-in. soda-glass beads. These were set up at sampling points so 
that a sample could be drawn through them slowly and at a 
measured rate. The sample stream was arranged to flow across 
the top of the column into a spill tube, and the sample to the 
column was drawn from this stream. There was thus no syphon 
effect and the pressure at the connections was always above 
atmospheric. The rate of flow was adjusted to 1 liter per hr, and 
the tests were continued until 25 liters were drawn through the col- 
umn. The effluent was measured in 10-liter graduated bottles. 

A synthetic-resin ion-exchange column, operating on the hy- 
drogen cycle, was prepared and tested together with the bead col- 
umn. It had substantially the same dimensions as the bead 
column and took a sample from the same stream and at the same 
rate of flow. The purpose of the test was to determine the 
possibility of the quantitative removal of small amounts of dis- 
solved salts and their recovery in the column wash in more con- 
centrated solution. If successful, this method could be used in- 
stead of the usual one involving the evaporation of large samples, 
except, of course, where the determination of silica is involved. 
The exchange medium used was an analytical grade of a com- 
mercial product. 

Daily samples were taken of the influent and analyzed for iron. 
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TABLE 5 RESULTS OF TESTS TO DETERMINE TOTAL SOLIDS AS CHLORIDES, IRON, AND COPPER USING BEAD AND ION 
+ EXCHANGE COLUMNS AT DEAERATING HEATER AND AT EXTRACTION HEATER 


MAY, 1946 


Electrical conductivity and pH were measured for both influent 
and effluent. At the end of the sampling period the deposit in 
the bead column was dissolved with dilute hydrochloric acid, 
and the total solids as chlorides weighed. Iron and copper were 
determined in the residue. The ion exchange column was re- 
generated with dilute hydrochloric acid followed by a rinse with 
distilled water, and the extracted solids were recovered. Total 
solids as chlorides, iron, and copper were determined. 

The results of two tests, one on a sample from the deaerating 
heater and the other on a sample from the extraction heater are 
given in Table 5. The ion exchange column is designated by the 
letter A and the bead column by B. The columns were in opera- 
tion for 8 hr daily for a period of 3 days. Based upon the inlet 
and outlet samples, the recovery of iron on test 1 was 100 per 
cent for the A and 50 per cent for the B column. The actual re- 
covery by extraction of the columns was 63 per cent for A and 25 
per cent for B. It was found that the extraction of the ion- 
exchange bed was incomplete, and in the second test the acid 
strength was increased with resulting better recovery. 

The recovery of iron for test 2 on the basis of inlet and outlet 
samples was 69 per cent for the A column and 39 per cent for the 
B column, compared with 99 per cent and 39 per cent, respec- 
tively, by extraction. The values by extraction are believed to 
be more nearly correct as at the higher concentration a greater 
accuracy of analysis is possible. 

It will be noted that both conductivity and pH are reduced by 
the bead column which might indicate that the iron removed is 
in the form of ferrous hydroxide. The changes in conductivity and 
pH across the ion exchange column are what would be expected. 
When the positive ions are retained in the ion exchange process 
an equivalent amount of acid is produced. 

The principle involved in the plating-out effect exemplified in 
the bead column is not known but is believed to be a surface- 
adsorption effect. Iron appearing in the deposit is in the form of 
ferric oxide; hydrated ferric oxide and magnetite. Silica also is 
present, its source probably being the soft glass beads. It is 
probable that the silica in the deposit is incidental and is not in- 
volved in any reaction with the iron. The iron deposits occur in 
pyrex tubing, rubber tubing, and on the inner surfaces of the 
various cooling coils. The entire feedwater system is undoubt- 
edly lined with this deposit and probably much of the iron de- 


TEST NUMBER 1 2 
SAMPLE DEAERATOR OUTLET ; EXTRACTION HEATER OUTLET 
SAMPLE VOLUME 25 LITERS 25 LITERS 


WATER TO COLUMNS | 2 
IRON - PPM 014 
CONDUCTIVITY - MMHO 3.0 6.5 
PE 8.55 8.60 


A 
WATER FROM COLUMNS 
IRON - PPM 0 ie) .007 
CONDUCTIVITY - MHO 8.0 15.5 6.3 3.5 
PE 7.0 4.65 6.0 8.5 


COLUMN EXTRACTION MG PPM 
TOTAL SOLIDS 63.6 2.52 
IRON =.0158 
COPPER -945 .0378 


RECOVERY OF IRON 
1 BASED ON INLET AND OUTLET 
2 BASED ON INLET AND RECOVERY 


100 
63 & 


3 1 2 3 
.050 .069 .058 .056 
3.05 4.35 2.65 
8.59 8.36 8.48 8.34 


COLUMN 
B A B 
-006 .026 .022 .013 .041 .042 .026 
7.25 2.95 9.84 9.85 3.70 4.0 4.7 2,35 
8.4 8.2 4.75 4.77 5.05 7.76 8.20 8.09 


MG PPM MG PPM MG PPM 
21.0 . 84 68.0 3.72 3.50 .140 
-159 .006 1.153 .060 -600 .024 
-635 .025 -520 3.021 325 = .018 
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posits noted in the boiler tubes may be accounted for by this 
property of plating-out on all surfaces. 

The concentration of salt cations by means of the ion-exchange 
column did not work out well, principally because it was difficult 
to make a complete extraction of the retained material, and 
particularly the iron. While the residue remaining in the bed 
after regeneration was very small, even when the conventional 
wash was used, it represented a relatively large percentage of the 
total. This objection could be met by using a larger sample so 
that the unextracted portion would be negligible. The actual 
capacity of the bed was in only very small fraction realized by the 
25-liter sample used. It is believed that this method of concen- 
tration of sample has promise and should be further explored. 

Period 3 (c): Tube-Temperature Measurement. Tube-tempera- 
ture measurements have been reported in another paper of this 
group. 
whether or not there was any progressive increase in tube tem- 
Daily 
readings of temperatures of a group of tubes in the north wall gave 
no indication of appreciable internal deposits. The thermo- 
couples were located at elevations of 5 to 25 ft above the hearth. 
A recent inspection following a tube failure at a 1-ft level, how- 
ever, disclosed sludge deposits that would have been indicated by 
a couple at that elevation. 

Period 3 (d): In an attempt to obtain 
a quantitative check on the rate of solution of iron in the feed- 
water, a corrosion detector was installed in one branch of the 
boiler feed line leading to the economizer. 


One purpose of these measurements was to determine 


perature that might be ascribed to internal deposits. 


Corrosion Detector. 


This corrosion de- 
tector consisted of a short rod of carbon steel machined flat on 
It was mounted so that it could be removed without 
disturbing any of its original surface. 
examined after an exposure of 1 year, 


two sides. 
This detector was recently 
After being carefully 
cleaned in an ammonium-citrate solution, it was found to have 
lost 0.25 g of its original weight of 14 g. This loss if evenly 
distributed corresponds to 0.0001 in. penetration. 
however, one small pit of about 0.005 in. depth. 
darkened and coated with a powdery film of what appeared to be 
an iron oxide. This corrosion detector was returned to its posi- 
tion in the feed line and will be again examined after a period 
of exposure. 


There was, 
The surface was 


The rate of metal loss, as indicated by the direct determination 
of iron content of the water and also by the measurement of the 
evolved hydrogen, is not large. Translated into inches penetra- 
tion per year over the areas of the preboiler equipment and of the 
boiler itself, it would not be an impressive figure and would not 
lead to any great apprehension as to the imminent failure of any 
part of the equipment. 
cern if the loss of metal were restricted to local areas such as has 
been noted in boiler feed pumps. While the hydrogen evolution 
appears to indicate a greater activity in the high-temperature end 
of the feedwater system, there is no evidence to indicate that 
localized attack occurs. It is, however, doubtful that loss of 
metal from erosion, such as may occur in feed pumps, is accom- 
panied by the evolution of hydrogen. 

The rate of loss of metal from the steam-side surface of the con- 
denser tubes, as indicated by the measurements of dissolved 
copper, is extremely low. The loss on the cooling-water side is 
probably much greater, and also localized attack is known to 
occur. Failure of condenser tubes is more likely to occur as a 
result of attack on the outside, that is, the cooling-water side of 
the condenser. 


There would, however, be cause for con- 


One disquieting thing about the dissolution of iron and copper 
in the feedwater system is that the mechanism of the corrosion is 
not well understood, nor have preventative conditions been well 
established. It is generally agreed that dissolved ammonia is 
the principal factor in the corrosion of copper, and methods for 
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It is indi- 
cated that the dissolution of iron can be reduced by the control of 
pH. However, the permissible range of pH in the feedwater is 
limited by boiler-water conditions particularly when the rate of 
boiler-water blowdown is low. 


the removal of this substance have been proposed. 


The principal concern over the presence of iron and copper 
compounds in the boiler feedwater is caused by the propensity of 
these substances to form adherent sludges on the boiler surfaces. 
The iron is transformed probably completely to magnetic oxide 
and the copper is in large part at least reduced to the metallic 
State. 

Slime deposits of sludge are found on all internal surfaces of the 
boiler and are often heavier on the unheated areas than on active 
steam-generating surfaces. It is indicated that this deposit is 
laid down mechanically, that is, there is no general chemical 
attack under sludge deposits. Small pits of pinpoint dimensions 
have been noted but are believed to be only incidental and not 
generally related to the deposits. While the sludge-collecting 
pots at the waterwall headers and a special sludge blowdown in 
the drum permit the removal during operation of accumulated 
sludge, they have not completely eliminated the hazard. The 
chief danger of the sludge deposit lies in its insulating effect on 
active steaming surfaces where it may build up to a thickness 
that results in overheating of the tube metal. 

Basically the sludge problem in boilers results from the intro- 
duction into the boiler with the feedwater of solids or salts that 
form solids, at a higher rate than the rate of removal. In- 
evitably this must lead to trouble. 

There are two'’obvious lines of attack on this problem: (a) to 
prevent or minimize the production of the metallic ions which are 
the principal components of the sludge in the feedwater system, 
and (b) to provide for a better continuous removal of sludge 
with the blowdown from the boiler. 

The chances of complete solution of the problem by either or 
both of these efforts are not particularly promising and it is 
probable that a ptriodic cleaning of boilers will be necessary. 


APPARATUS AND METHODS 


The hydrogen analyzer and recorder used in the investigation 
was a commercially available instrument utilizing the difference 
in thermal conductivity of gases. The analyzer consists of a 
Wheatstone bridge, two legs of which are formed by identical 
platinum-wire spirals. These spirals are electrically heated, a 
constant potential being applied. One of these spirals is sur- 
rounded by saturated air and the other by air that has bubbled 
through the sample which flows to the analyzer at a measured 
rate. Hydrogen of the sample is present in the latter air in pro- 
portion to its concentration in the sample. Because of the 
higher thermal conductivity of the air containing hydrogen, 
the temperature of the second spiral and hence its electrical re- 
sistance is reduced and the bridge is thrown out of balance. The 
balance is then restored automatically by a potentiometer which 
records the off-balance as hydrogen. At the usual low concen- 
trations of hydrogen in feedwater the unit is parts per billion. 

The principle of the dissolved-oxygen recorder is similar to that 
of the hydrogen recorder. Pure hydrogen which is generated 
electrolytically surrounds the reference spiral and hydrogen 
which scrubs the sample and has the equilibrium content of 
oxygen surrounds the analyzer spiral. 

These instruments are extremely sensitive. Two parts of 
hydrogen in 10 billion parts of sample will give a scale deflection. 
It is necessary to check the zero of these instruments daily and it 
is desirable also to make frequent checks of the scale. This is 
done by introducing hydrogen to the sample at a measured rate. 
The hydrogen is made electrolytically and the rate of introduc- 
tion of hydrogen is measured by current used. 
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While the meters are simple in principle, considerable attend- 
ance is required in order to assure their continuous accuracy. 

The steam-sample evaporator is shown in Fig. 5. It consists 
essentially of a 5-liter flask having a tubulature extending down- 
ward with the open end in the evaporating dish in which the 
sample is being evaporated. The end of this tube is ground to a 
standard taper to which a platinum thimble is fitted. This 
thimble is weighed with the dish. As the water level in the dish 
recedes, the open end of the tube is uncovered allowing air to 
enter the flask and more water to flow into the dish. In starting 
the evaporator, the stopper is inserted at the end of the delivery 
tube and the measured sample, 3 to 4 liters, is poured in at the top 
opening. The cap with the manometer is then replaced and suc- 
tion is applied to obtain an indication of about 1 in. on the 
manometer, and the stopcocks A and B are closed. The 
weighed dish is then placed in position on the heater assembly 
which is held on a ring stand below and to one side of the evapora- 
tor bell. The stopper is then removed and the heater and dish 
assembly quickly placed in the operating position. To do this 
without spilling the sample requires practice, and it is recom- 
mended that the operation be rehearsed with the flask empty 
until the necessary skill is acquired. The stopcock B is open 
during the evaporation. 

The sample is evaporated without boiling, most of the heat be- 
ing applied over the surface of the liquid. When the sample 
container is empty, the mercury switch closes and actuates a relay 
which shuts off the current to the heaters and closes the valve 
through which the air is admitted. There is enough residual heat 
in the heater and bell to complete the evaporation. At the end of 
the evaporation the flask is rinsed with a jet of distilled water 
and the washings added to the dish and evaporated. The rate 
of evaporation is about 200 ml per hr. 
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The sample concentrator for the determination of iron is shown 
in Fig. 6. It consists merely of a 1-liter Erlenmeyer flask covered 
with a vented hood through which filtered air is blown. <A 500- 
ml sample is evaporated to dryness without boiling in about 4 hr. 
The residue is then taken up in 1 ml of concentrated acid and 
diluted to 50 ml for analysis. 

Most of the analyses were made by a colorimetric method 
using thiocyanate. Measurement of color was by means of a 
photoelectric colorimeter. A second method using ortho- 
phenanthrolene was tried and although it proved more sensitive, 
it also required concentration of the sample and the simpler 
thiocyanate method was preferred. 


AIR YAPOR OUTLET 


AIR FILTER 


AIR INLET 


DETERMINATION OF IRON 


HOT PLATE 


Fie. 6 CONCENTRATOR FOR 


Extreme care is necessary to prevent contamination of the 
samples. It was found that if a sample was stored even for a 
day an appreciable amount of iron was lost because of the plating- 
out effect on the walls of the flask. To reduce the error due to the 
plating-out tendency, a small measured amount of acid and an 
organic reducing agent were placed in the flask in which the 
sample was collected, and the storage time was reduced to a 
minimum. Any iron present in reagents was corrected by 
means of blank samples. 

Samples for copper determinations were prepared in the same 
apparatus used in the iron analysis. A colorimetric method us- 
ing sodium diethyl-dithio carbamate in alkaline solution was 
used. This method was generally very satisfactory. In a very 
few instances an interfering turbidity resulted and it was 
necessary to extract the color with an organic solvent. 

The bead-column and the ion-exchange-column arrangements 
are shown in Fig. 7. The columns were set up at the point of 
sampling. The sample flow was arranged so that a constant 
head was provided and also so that all connections were under 
pressure and no air would be drawn into the columns. The rate 
of sample flow was 1 liter per hr, and the effluent was collected in 
calibrated bottles so that the total flow could be measured. 

At the end of a sampling period the assembly was taken to the 
laboratory where the extracts were removed by acid treatment 
and the columns prepared for another run. A 10 per cent 
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hydrochloric acid, 300 ml in amount, was used in regeneration of 
the ion exchange column, followed by a 300-ml water wash. 
Distilled water that had previously been passed through the bed 
was used for the wash water. 

The 600-ml recovery sample was reduced to 500 ml for con- 
venience and analyses were made on aliquot portions. Colori- 
metric methods previously described were used for the iron and 
copper determinations. 


Discussion 


R. C. Corey.‘ The excellent experimental data presented by 
the authors serve, among other things, to place one important 
phase of corrosion in high-temperature steam cycles on a factual 
basis, and those concerned with iron-oxide sludges now have 
available something more substantial than opinion or, as is fre- 
quently the case, ‘‘.. . . ill-begotten equations supported by bad 
data;” as itis stated by Lewis and Randall. The experimental 
work conducted by the authors to establish the source of iron 
oxide in boilers and the probable mechanism of its formation, 
by means of hydrogen and dissolved-iron surveys of the steam 


_ ‘Research and Development Department, Combustion Engineer- 
ing Company, Inc., New York, N. Y. 

* “Thermodynamics,” by G. N. Lewis and M. Randall, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1923. 
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and water cycles, is unique to the extent that no published data 
from similar work are to be found elsewhere. In some respects, 
which will be mentioned later, their results confirm certain con- 
clusions of laboratory and theoretical studies of the fundamental 
reactions between iron and pure water. To this end there is 
support of the contention that there are yet many more questions 
than there are answers to the problem of corrosion by pure water 
at elevated temperatures. 

It is a curious fact that although one may find in corrosion 
literature data on the rate of corrosion of iron and steel in contact 
with almost every conceivable inorganic or organic material, 
under widely different conditions of independent variables, there 
are no published data on the rate of corrosion of iron and steel 
in pure water. A possible reason for this may lie in the fact 
that in pure water the rate of corrosion is insignificant compared 
to that in acids, bases, and certain salt solutions. It is obvious, 
however, from the results of the present paper and the current 
problem of feed-pump corrosion which appears to be related in 
some way to pure condensate, that there is a definite need for 
an investigation of the rate of corrosion of iron and steel in pure 
water up to around 600 F, and under various conditions of flow 
and pH. 

Evaporated feedwater make-up and highly efficient steam- 
washing and deaerating equipment result in feedwater of extreme 
purity, and as so clearly expressed recently,® “It dissolves to some 
extent anything that it comes in contact with on its way from the 
condenser to the boiler. This dissolving action starts in the last 
stages of the turbine where the first condensation occurs.” It 
may be asked what is meant by “pure” water. Qualitatively 
it may be defined as water which contains no dissolved gases and 
which produces no residue on evaporation. A quantitative defi- 
nition for pure steam condensate might be based upon its electri- 
cal conductivity when there are no ions present other than hy- 
drogen and hydroxyl] ions resulting from the ionization of the 
water. 

On the other hand, it is possible that the conductivity of pure 
water may not change after contact with an iron vessel, due to the 
formation of Fe.0; or FeEOOH which are insoluble. Insucha case 
the buffer index might be a useful criterion for purity, this being 
defined as the differential ratio dB/d(pH), in which d(pH) is the 
increment of pH when an increment of base dB, in terms of gram 
equivalents of hydroxyl ion, is added. An increment of hydrogen 
ion would be equivalent to —dB. Thus pure condensate would 
have a buffer index of 0.1429, and if iron oxide were added this 
value would increase due to the fact that the oxide would react 
witb added hydrogen ion. 

The authors have shown clearly that in the subject plant most 
of the hydrogen and dissolved iron result from corrosion of ex- 
ternal piping and heat-exchange equipment, a very small amount 
being due to corrosion within the boiler. They postulate that 
the ferrous hydroxide formed in the primary corrosion reaction 
decomposes to Fe;O, and more hydrogen. There is experimental 
and theoretical work to support this. Schikorr? found that when 
iron turnings were placed in contact with pure water, pressures 
of 18 atm and higher of hydrogen developed, and Fe;O, was 
formed. In later experiments he demonstrated that ferrous 
hydroxide spontaneously decomposed to hydrogen and FeO, 
at a rate inversely proportional to the pH.* Investigation of the 


¢ “Properties of Pure Boiler Feedwater,”” Combustion, Feb., 1945, 


p. 45. 
7“On the System Iron-Water,” by G. Schikorr, Zeit. fiir Elektro- 
chemie, vol. 35, 1929, p. 62. ae 
8 “Ferrous Hydroxide and a Ferromagnetic Ferric Hydroxide, by 
G. Schikorr, Zeit. fiir Anorganische und allgemeine Chemie, vol. 212, 


1933, p. 33. 
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reactions at room temperature between iron and pure water® 
demonstrated that Fe,0,, hydrogen, and about 0.2 ppm of dis- 
solved ferrous iron were the final products, and the pH rose to 
8.3. The dissolved iron was considered to be an intermediate 
stage in a chain of reactions, 


Fe — Fet* — Fe(OH), — Fe;O, 


No attempt was made, however, to correlate the dissolved-iron 
cancentration and pH because of (a) lack of information on the 
state of the dissolved iron, that is, whether it was colloidal or 
poorly ionized; (6) disagreement in the literature as to the solu- 
bility and the solubility product of Fe(OH).; and (c) inability to 
determine which of the foregoing reactions controlled the rate 
to the right. Thermodynamic calculations have shown’ that 


iron reacts with oxygen-free water to form Fe,0, more readily ’ 


than Fe(OH),2, although it is conceded possible that the latter 
may be an intermediate phase. Thus it is a necessary conclu- 
sion that Fe(OH), will decompose to Fe;0, and hydrogen. 

All of these facts find confirmation in the results obtained by the 
authors if it is kept in mind that it is very unlikely that equili- 
brium between iron and condensate ever is attained in the short 
time of contact between the hot well and the boiler. Thus the 
relative amounts of Fet+, Fe(OH)2, Fe;O,, and Hz may be ex- 
pected to vary considerably from equilibrium values. 

One question concerning these investigations with iron and 
pure water is whether the iron determinations represent only dis- 
solved iron or varying mixtures of dissolved iron and an extremely 
finely divided form of magnetite. 

In one of the afore-mentioned investigations,® there were indi- 
cations that despite careful filtering a small amount of iron oxide, 
possibly of colloidal dimensions, occasionally contaminated the 
samples. This is merely a question of academic interest, related 
to the fundamental corrosion reaction, and therefore does not 
affect the results and conclusions of the authors. 

It may be asked, why, if the rate of corrosion of iron and steel 
by pure water at elevated temperatures is insignificant when 
uniformly distributed throughout the system, it receives the 
attention it does in the present paper. The authors have very 
clearly resolved the problem in two parts: (1) There was the 
question whether the iron oxide originated in the boiler as the re- 
sult of attack of steaming surfaces; and (2) the possibility that 
excessive deposits of iron oxide on steaming surfaces would lead 
to overheating due to a decrease in the over-all coefficient of heat 
transfer. In so far as the subject plant was concerned, it was 
demonstrated that the greater part of the iron oxide was carried 
into the boiler from external sources. This confirms the con- 
sensus of a number of operators. Regarding the ultimate effect 
of deposits of iron oxide on steaming surfaces, there is, in addi- 
tion to the insulating effect, the possibility that boiler-water salts 
may concentrate in and beneath the oxide, and if sufficient free 
caustic is present localized, rapid attack may occur." 

Another factor that may be considered is the possibility that 
metallic copper, invariably associated with iron oxide in boilers, 
deposited on a baked-on sludge of iron oxide may set up an 
electrolytic cell, the tube metal being anodic, the copper cathodic, 
and the iron oxide between, serving as a porous matrix for salt- 
saturated liquid. This, of course, is hypothetical and until data 


*“The pH, Dissolved Iron Concentration and Solid Product Re- 
sulting From the Reaction Between Iron and Pure Water at Room 
Temperature,” by R. C. Corey and T. J. Finnegan, Proceedings of 
the A.S.T.M., vol. 39, 1939, pp. 1142-1260. 

10 “Thermodynamic Considerations in the Corrosion of Metals,” 
by J. C. Warner, Trans. Electro Chemical Society, vol. 83, 1943, pp. 
319-333. 

11 “Co-Ordination of Water Conditioning With Operating Prob- 
lems,”’ by R. E. Hall and C. E. Kauman, Power Plant Engineering, 
vol. 45, September, 1941, pp. 61-64, and October, 1941, pp. 59-61.. 
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are available on the emf between copper (or copper oxide) and 
iron, and on time-potential curves, which indicate whether anodic 
or cathodic polarization is controlling the rate of corrosion, this 
theory offers possibilities. 

Thus as suggested by the authors, iron-oxide deposits in high- 
pressure boilers cannot be ignored, and if it has been established 
that excessive quantities of iron oxide are being carried into a 
boiler from outside sources, then steps should be taken to mini- 
mize corrosion in external equipment even though the rate is not 
sufficient to cause significant attack in such equipment itself. 
Theoretically attack can be minimized either by raising the pH 
of the feedwater or by applying a protective coating to the ferrous 
materials with which the feedwater comes in contact. Assuming, 
however, that there were no practical difficulties to the first of 
these steps, the fact remains that we do not know the optimum 
pH at which the feedwater should be maintained to minimize 
corrosion under operating conditions, because no investigation has 
been made of the rate of corrosion of steel under these conditions 
at various values of pH. : 

The data on hydrogen and iron throughout the system are ex- 
tremely interesting. Regarding the increase in hydrogen across 
the economizer, not shown in Fig. 4 of the paper, it would be of 
interest to know what values were obtained at the economizer 
outlet and also the iron determinations, if available. If the iron 
and hydrogen did not increase together then it might be inferred 
that the increase in the hydrogen was the result of decomposition 
of ferrous hydroxide rather than corrosion in the economizer. 

If the authors have made any conductivity determinations at 
the various sampling points, they would be a valuable supplement 
to the other data and may help to explain some questions of 
fundamental importance. 

It was noted that the concentration of hydrogen in the steam 
did not vary with the load. This confirms experiments conducted 
by the American Gas & Electric Service Company at Logan, 
where the concentration was found to be constant at about 3 ppb 
between a steam output of 400,000 and 850,000 lb per hr.!* The 
average concentration at Montaup was 3.3 ppb. 

Regarding the results for dissolved iron, it is interesting to note 
that the iron in the steam was approximately the same as found 
in the hot well. It would be of interest if the authors described 
the method they adopted for determining the iron, that is, 
whether it was a modified thiocyanate, orthophenanthroline, or 
similar scheme. 

At the present time little can be said about the manner of 
formation of metallic copper in the boiler or its effect with regard 
to corrosion. It has been stated'* that the corrosion of copper or 
copper alloys by ammonia is negligible in the absence of oxygen. 
Relatively, this may be so but it appears that in oxygen-iree 
condensate sufficient solubility, in the presence of less than 0.1 
ppm NHs, occurs to produce large amounts of copper in boilers. 
Dissolved carbon dioxide, either as free CO, or bicarbonate ion, 
also is a factor in the corrosion of copper. 

The corrosion detector, installed in one branch of the boiler 
feed line leading to the economizer, offers excellent possibilities 
for determining, under actual operating conditions, the rate of 
corrosion of low-carbon steel. It is suggested, however, that it 
is not advisable to re-use the specimen for a subsequent test, more 
acceptable results being obtainable if new specimens are used for 
each test. Also, if possible, it would be desirable to install an 
identical specimen in a location where the temperature and pli of 
the liquid are the same but of different velocity. 


12 Publication No. H-11, Edison Electric Institute, 1940. 

13The Reaction of Copper and Oxygen-Saturated Ammonium 
Hydroxide,” by R. W. Lane and H. J. McDonald, Journal of (or 
rosion, Aug., 1945, pp. 1-8. 
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The experiments with bead columns to study the effective- 
ness of various materials in removing small amounts of solids 
from water are of considerable interest, particularly with re- 
gard to the comparative efficiency of the glass and the synthetic 
resin. 

The authors suggest that silica is not involved in the action 
between the glass beads and iron-bearing water. The writer sub- 
mits that in experiments with pure water and iron in pyrex 
vessels there seemed definitely to be reaction of dissolved iron 
with the glass. The pH of the water rose to 9.0-9.5 and a flaky 
anisotropic material formed which microchemical tests showed 
to contain iron and silicon; possibly being a hydrated iron sili- 
cate. 

In conclusion, it is believed that this investigation has em- 
phasized the need for more fundamental work on the reactions of 
iron with pure water. A program for such an investigation might 
be as follows: 


1 Determination of the rate of corrosion of iron and steel in 
water as a function of pH, velocity, and temperature, up to 600 F. 
2 Study of the time-potential curves for iron under the same 
conditions as item 1. 
3 Preparation of pure ferrous hydroxide and determination of 
the following: 
(a) Its solubility and pH in pure water. 
(b) Rate of decomposition to FesO, and H, as a function 
of temperature and pH. 


The results of such an investigation should, among other things, 
determine the minimum pH of feedwater required to effect maxi- 
mum protection of steel surfaces, at various temperatures related 
to operation. 


E. R. Muetter.'* Of interest primarily to chemists rather 
than engineers is the reference given in the subject paper to the 
use of an ion-exchange material as a tool in the analysis of feed- 
water or steam samples. The application discussed is a clear-cut 
example of the manner in which the analytical grade Amberlite 
resins can be used as analytical tools. The investigators are 
taking advantage of the unique properties of these resinous ex- 
changers, in this case, the cation exchanger, one such property 
being the complete adsorption of heavy metal ions such as iron, 
copper, etc. 

It has been stated in the paper that dilute hydrochloric acid 
was first employed with incomplete recovery of the full metal 
content from the exchanger. Although the concentration was 
not indicated in the paper, this was pointed out to be 5 per cent. 
By the use of 10 per cent acid, the higher concentration referred 
to in the paper, better results were obtained. It is suggested that 
in both cases more complete recovery of the metal ions from the 
exchanger could have been accomplished by the recycling of a 
relatively small but adequate portion of either concentration of 
acid. This technique would have the added advantage of keeping 
the eluting solution at the smallest possible volume, thereby re- 
ducing the time required later for evaporation. 


Since the resinous exchanger is entirely organic in composition, 


it is suggested that the analytical technique might be improved 
upon by wet-ashing the entire sample of exchanger upon which 
the metal ions have been adsorbed. This would eliminate the 
elution step altogether, thereby insuring the analyst against an 
error in the results brought about by incomplete elution of the 
Metalions. 

In general, the particular problem represents an unusual ap- 
Plication of the properties of ion-exchange resins. 


* “The Resinous Products & Chemical Company, Philadelphia, 
a. 
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W. F. Ryan.'® A becoming but regrettable modesty has re- 
strained the authors of this paper from acclaiming the outstanding 
achievement of their part of the investigations at Montaup. 
The statement ‘recording hydrogen meters were set up” is a 
masterpiece of condensation. The “setting up” of these meters 
required many weeks of painstaking engineering, involving a 
degree of scientific knowledge, technical skill, patience and deter- 
mination more readily associated with the instrumentation of 
the atomic-bomb project than of a steam boiler. Perhaps Mr. 
White can be persuaded at a later date to publish in detail this 
story of measuring hydrogen in fractions of a part per billion 
under the pressure and temperature conditions prevailing in this 
station, and securing accurate and continuous records, in spite 
of the difficulty in maintaining reasonable equilibrium between 
the fluids being analyzed and the metals which contained them. 

The hydrogen-meter installation was expensive not only in 
money but in engineering manpower, and there were many dis- 
couraging periods during which the patience of operators and 
contractor’s representatives was sorely tried, and many of us 
would cheerfully have thrown the project overboard. Fortu- 
nately, however, the work was carried to successful completion, 
and the importance of the results well repaid the time and effort 
expended. 

The boiler, presumably in common with all boilers working 
at elevated temperatures, is subject to continuous, but infini- 
tesimal, widely distributed, and therefore substantially harm- 
less, oxidation. It may also be subject, at irregular and unpre- 
dictable intervals, to intensified localized oxidation. When the 
meter shows a sudden or abnormal evolution of hydrogen in 
the boiler it is a clear indication that such oxidation is taking place; 
the meter is raising a danger signal as significant as low water 
in a gage glass and calls for equally prompt and vigorous action. 

We are feeding all of the high-pressure boilers in the country 
with water contaminated by oxides. The deleterious effects 
may not be serious in some instances but it is not of record that 
it ever did a boiler any good. We are now groping in the dark to 
combat, in the boiler, a contaminant which should never have 
been allowed to enter it, and there have been widespread diffi- 
culties with boiler feed pumps and high-pressure heaters that 
are all a part of the general problem. Mastery of the hydrogen- 
meter technique offers an opportunity at least to locate the source 
or sources of the trouble. It is hoped that some utility or combi- 
nation of utilities may sense the importance of this possibility and 
undertake to measure hydrogen evolution throughout a high- 
temperature cycle from the superheater outlet to the condenser 
and back again through the feed heaters, feed pumps, econo- 
mizer, boiler, and superheater. When this work is undertaken, 
the project will be greatly facilitated by the solution at Montaup 
of the many and difficult technical problems involved. 


T. J. Finnecan.'* The record of hydrogen throughout the 
cycle given in this paper by Bissell, Cross, and White adds con- 
firmation to the opinion held by many persons that much of the 
loose black-oxide sludge in the boiler is of external origin. They 
do not accept the theory voiced by some extremists that none of 
the black oxide is formed in the boiler, except perhaps where 
overheating occurs. They support their opinion by the implied 
acceptance of the two equations which would explain the forma- 
tion of hydrogen by decomposition of Fe(OH). rather than by 
direct attack of the metal. In other words, they admit the pos- 
sibility that the fundamental corrosion reaction 


16 Assistant Engineering Manager, Stone & Webster Engineering 
Corporation, Boston, Mass. Fellow A.S.M.E. 

16 Chemical Engineer, Buffalo, Niagara Electric Corporation, 
Buffalo, N. Y. Mem. A.S.M.E. 
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3Fe = Fe;O, + 4H, 


might occur in two steps, the velocity of which is strongly in- 
fluenced by temperature. , 

While it is almost certain that the fundamental reaction is a 
chain one, it has yet to be established that the separate steps of 
the chain can occur at a delayed rate. For example, it is easily 
shown that when iron is placed in oxygen-free water at room 
temperature the products are loose Fe;0, and hydrogen. Whether 
or not a large amount of Fe(OH): may be mixed with the Fe;O, 
and have potentiality for decomposing at higher temperatures is 
an interesting question. 

Theoretical speculations of this sort as well as those referring to 
the reaction of copper given in the comment on the limitations of 
the hydrogen recorder in the paper by Bissell and Powell!? make 
one admire the attempts which are made to give a rational ex- 
planation to the observed phenomenon, but they also emphasize 
the need for more fundamental work on the pure chemistry of the 
water-metal systems. We are continually being confronted 
with the results of chemical reactions, the nature of which we do 
not understand because they have not been thoroughly studied, 
especially over extended ranges of temperature. 

An investigation made some years ago showed that the prod- 
ucts of the reaction of iron with oxygen-free water at room tem- 
perature are hydrogen and Fe;0,.% The oxide did not form a 
protective coating but settled as a loose powder on the bottom 
of the reaction vessel. This investigation was made in a power- 
company laboratory which was not equipped for carrying out the 
obvious extension of the work, and it would be interesting if some 
research organization would repeat the experiments and continue 
them into higher-temperature regions, with particular attention 
to the matter of protective coatings, the existence of Fe(OH)., 
and to any factors which tend to limit the reaction. 


AuTHORS’ CLOSURE 


The authors appreciate Mr. Corey’s very carefully prepared dis- 
cussion. His observations on the possible reactions that may 
take place in the feedwater system emphasize the need for further 
work on that subject. While no quantitative data were obtained, 
there is evidence that iron in the feedwater at the Somerset 
Station occurs both in colloidal and dissolved states. The iron 
is reported as total iron as the samples were evaporated to dryness 
and the residues were taken up with acid. In some samples where 
the iron content was high enough to be determined without con- 
centration of the sample, lower values for iron were obtained on 
the sample before evaporation than on an evaporated sample. 
When the sample was acidified and heated increasing values for 
iron were obtained with increasing time of digestion. 


17 “Experience With Instruments and Control Equipment for 2000- 
Psi Boiler at Somerset Station of Montaup Electric Company,”’ by 
W. D. Bissell and E. B. Powell, published on pages 453-466 of this 
issue of the Transactions. 

18 ‘pH, Dissolved Iron Concentration and Solid Product Resulting 
From Reaction Between Iron and Pure Water at Room Tempera- 
ture,”” by R. C. Corey and T. J. Finnegan, Proceedings of the 
A.S.T.M., vol. 39, 1939, p. 1242. 
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There is also evidence that much of the iron is in the ferrous 
state. For example, in bead column tests a heavier deposit 
is obtained when the sample is aerated. The deposit is also of a 
deeper red color. 

Mr. Corey suggests that there may have been a reaction be- 
tween the glass of the beads and the iron in the water. Our con- 
clusion that the silica was only incidental was based on the fact 
that the same type of deposit occurred in rubber-tube connections 
and also in the copper tubes of the cooling coils. This, of course, 
does not preclude the possibility that an iron-silica reaction does 
take place—the source of the silica being other than the glass. 

While the hydrogen content of the steam is reasonably constant 
in the record shown in. Fig. 2, the variation in rating is not large. 
There is, however, a definite trend of increase in hydrogen con- 
centration with decrease in load. This may be noted in the hy- 
drogen curves of Fig. 4 and also in Fig. 3. The change in the 
hydrogen values is not large and is sometimes masked by other 
unexplained variations. 

As reported in the paper the corrosion indicator was removed 
for weighing at the end of one year and was at onee restored to 
service in the pipe line. A duplicate cgrrosion indicator of carbon 
steel was machined, however, and was installed in October, 1945, 
in place of the original one, just as Mr. Corey has proposed. 

His suggestion is that an additional corrosion indicator be in- 
stalled where it would be exposed to identical conditions except 
for velocity would yield informative data. Because of daily and 
seasonal variations in boiler load, however, the present indicator 
is exposed to appreciable changes in velocity, and under existing 
conditions it appears impracticable to select a second location 
where the feedwater velocity would remain in approximately 
constant ratio to that at the existing corrosion indicator. 

The valuable suggestions of Mr. Mueller are appreciated. The 
advantages of the ion exchange method of sample concentration 
are many and the results so far are encouraging. The alternate 
method of evaporation is laborious and time-consuming and it 
requires a very careful technique for its successful application. 

The authors are gratified by Mr. Ryan’s very kind discussion 
and appreciate his comments on the broader significance of the 
investigation. 

The authors must agree with Mr. Finnegan that in what little 
experimental work has been done on the reactions of water 
and iron, there is little or no evidence of ferrous hydroxide in the 
corrosion products. The experiments, however, have been con- 
ducted under conditions such that chemical equilibrium was vs- 
tablished. It is doubtful that such equilibrium could be attained 
in the feedwater system at the Somerset Station. 

Recent analyses of bead-column deposits indicate that 50 to 
70 per cent of the iron is in the ferrous state. The work is being 
continued and the feedwater system will be explored for the 
ferrous ferric ratio. There is no question hut that the final 
product is Fe,Oy. Under nonequilibrium conditions the ratio of 
ferrous to ferric iron should depend upon the relative re- 
action rates of the formation and decomposition of ferrous 
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Water Conditioning for the 2000-Ps1 
Boiler at the Somerset Station of 
Montaup Electric Company 


By W. W. CERNA! anp R. K. SCOTT! 


Considerable interest has been aroused in the chemical 
treatment used for the high-pressure boiler at the Somer- 
set Station of the Montaup Electric Company. The theo- 
retical aspects of the present treatment, which has been 
in use since January 1, 1944, are given in a paper by Hall.? 
Details of the results obtained with the different types of 
treatment used on this boiler have been given in a paper 
by Parks.’ It is largely the purpose of this paper to present 
the reasons for the various methods of chemical treatment 
which have been used, and for the changes made, which 
have resulted in stabilization of the boiler-water condi- 
tioning since January 1, 1944. 


PreRrrop oF SopruM TREATMENT 
HEN the high-pressure boiler of the Somerset Station 
first went into operation in the summer of 1942, a fairly 
standard treatment, using sodium chemicals, was used 
with the following control limits: 


Alkalinity as sodium hydroxide, NaOH, ppm............50-60 
Sodium phosphate, NasPO., 50-70 


Some months later it was also decided to feed and maintain a 
positive reserve of sodium sulphite in the boiler water. During 
the period this treatment was used several tube failures occurred, 
as discussed in a previous paper of this series by Parks, Patterson, 
and Ryan.‘ Internal boiler conditions were also found unsatis- 
factory as described in the reference paper by Parks.* Evidence 
of the “hide-out”’ of sodium sulphate and sodium phosphate was 
also found which indicated that some of the boiler water was being 
concentrated very much beyond the limits of the normal over-all 
boiler water. 

For example, using the published data of Schroeder, Berk, 
end Gabriel5 for the solubility equilibria of sodium sulphate and 
sodium phosphate at boiler temperatures, a boiler water at 595 F, 


1 Hall Laboratories, Inc., Pittsburgh, Pa. 

2“"4 New Approach to the Problem of Conditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
pp. 457-488. 

3“Experience With Sodium and Potassium Chemicals for Boiler- 
Water Conditioning at Montaup Electric,” by G. U. Parks, Trans. 
A.S.M.E., vol. 67, 1945, pp. 335-338. 

‘Operating History and Performance of 2000-Psi Forced-Circula- 
tion Boiler at Somerset Station of Montaup Electric Company,” by 
G. U. Parks, W. S. Patterson, and W. F. Ryan, published on pp. 
411-427 of this issue of the Transactions. 

§ “Solubility Equilibria of Sodium Sulphate at Temperatures From 
150-350°C. III Effect of Sodium Hydroxide and Sodium Phos- 
phate,” by W. GC. Schroeder, A. A. Berk, and Alton Gabriel, Journal 
of the American Chemical Society, vol. 59, 1937, pp. 1783-1790. 

Contributed by the Power, Industrial Instruments and Regulators 
Divisions, and the Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting, New York, N. Y., Nov. 
26-29, 1945, of Taz AMBpRICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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containing 350 ppm of sodium sulphate (Na2,SO,) and 70 ppm of 
trisodium phosphate (Na3;PQ,) representative of that in the Mon- 
taup boiler at the time, would have to concentrate about 185 
times before the first deposition of these substances would com- 
mence. Neglecting the effect of the sodium hydroxide on the 
solubility equilibria, which would actually be in the direction of 
increasing the number of concentrations, no deposition of sodium 
sulphate or sodium phosphate from the boiler water would be 
possible until the concentration of sodium hydroxide had likewise 
increased 185 times. If the initial concentration were 60 ppm of 
sodium hydroxide, the water just about to lay down solid sodium 
sulphate and sodium phosphate at the evaporative surface would 
necessarily contain 11,000 ppm of sodium hydroxide or a 1.1 
per cent solution of NaOH. Thus it is apparent that in estab- 
lishing the water conditioning for such high-pressure boilers, it is 
necessary to think in terms of the concentrated films, and 
not merely of the over-all boiler-water analysis, such as 
represented by the analysis of a representative sample taken from 
the boiler. 

In so far as the over-all boiler water was concerned we had 
protective conditions. But the change which could occur on 
concentrating the boiler water from 60 ppm NaOH to 11,000 ppm 
NaOH is well illustrated by the curve in Fig. 1, originally de- 
veloped by Partridge and Hall* from the experimental data of 
Berl and van Taack.? With 60 ppm caustic soda, the concen- 
tration is in the region of the most protective-to-iron zone. At 
11,000 ppm NaOH (275 epm), the rate of attack found by Berl 
and van Taack on steel powder at 590 F was as great as in an 
acid solution contaiming about 25 ppm, HCl (0.7 epm). 

The 11,000-ppm caustic-soda solution may seem fancifully 
high and difficult to attain. Actually, this is not the case. Dis- 
solved substances lower the vapor pressure of a solution at any 
definite temperature. Correspondingly, under an externally 
applied temperature ,increase, the concentration of dissolved 
solids in a film of boiler water must necessarily increase to main- 
tain constant pressure. As the terms At and Ats will be used 
frequently in this paper, a graphic representation of the meaning 
of the terms is given in Fig. 2 which consists simply of the vapor 
pressure-temperature curves of water and a saturated solution of 
potassium chloride. The At is the difference between the tem- 
perature of the concentrating film at the heat-transfer surface and 
the boiling temperature of pure water at the same pressure. 
The Ats is the At which corresponds to the existence of a satu- 
rated solution. If At is increased beyond this point, a solo solu- 
tion will evaporate to dryness. Thus from Fig. 2, the film 
temperature can exceed the over-all boiler-water temperature at 
1950 psia by about 140 deg F before potassium chloride will go 
to dryness in solo solution. At lower film temperature or At 


6 “Attack on Steel in High-Capacity Boilers as a Result of Over- 
Heating Due to Steam Blanketing,’’ by E. P. Partridge and R. E. 
Hall, Trans. A.S.M.E., vol. 61, 1939, pp. 597-622. 

7 “The Action of Caustic and Salts on Steel at High Préssures,”’ by 
E. Berl and F. van Taack, Forschungsarbeiten auf dem Gebiete des 
Ingenieurwesens, V.D.1I. Verlag, Berlin, Germany, No. 330, 1930. 
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392 500 600 700 800 tinuous, but when they are, failure soon results. However, even 
TEMPERATURE (°F) with relatively good circulation such small increases in film tem- 

perature, or At, and concentrated solutions if soluble solids are 

Fic. 2 PRressvr®-TEMPERATURE RELATIONSHIPS present, can occur for at least short periods of time. Examples 


of such periods would be occasions when the slag falls off of a 
differential, the film boiler water will simply concentrate to keep section of waterwall, exposing the tubes to higher tempera- 
its vapor pressure the same as that of the over-all boiler water. ture than the surrounding area which is insulated by the slag 
If the film temperature or At exceeds 140 F the water will evapo- covering, or in certain tube sections immediately following soot 
rate from the solution leaving a dry residue of potassium chloride. _ blowing. 

Fig. 3 shows the caustic-soda concentrations produced in solo Obviously, in view of such factors, it becomes the duty of the 
solution by various At values. How much At would be required _water-conditioning engineer to think in terms not only of pro- 
to produce the 11,000 ppm NaOH concentration? The answer _ tective conditions for the over-all normal concentration of boiler 
is only a little more than 1 deg F. Witha Atof 5 deg F the film water, but also in terms of maintaining the concentrating film 
concentration would be about 45,000 ppm (1125 epm) NaOH, as protective as possible. 
with corrosive action (from Fig. 1) at relatively the same rate as Fortunately, by the time the need for improving boiler-water 
an acid solution of about 300 ppm (8 epm) HCl. conditions at Montaup became apparent, considerable of the work 

That such small or even larger increases in film temperatures developed in the paper by Hall? had already been made available. 
can result in a high-pressure boiler is hardly to be denied. For- Therefore the boiler was cleaned of existing deposits by means of 
tunately, for the most part such concentrated films are not con- inhibited acid (Dowell) and a different treatment instituted. 
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CERNA, SCOTT—WATER CONDITIONING FOR 2000-PSI BOILER AT SOMERSET STATION 


PRELIMINARY PoTASSIUM-TREATING PERIOD 


The studies developed by Hall? indicated that while sodium 
silicate would “hide-out”’ and be scale-forming, the same was not 
true for potassium silicate as long as the silica-to-alkali ratio, 
in equivalents, was maintained at 1.6 or less, so that the highly 
soluble potassium metasilicate or disilicate would exist, even 
though considerable concentration due to film-boiling might 
occur. This made the maintenance of some silica in the boiler 
water, if it could be kept in the soluble form, desirable as a means 
of decreasing the amount of sodium-hydroxide concentration 
which could develop in a concentrating film. Furthermore, 
considerable magnesium phosphate had been found in various 
boiler deposits during the period of sodium treatment, and the 
maintenance of some silica in the boiler water would be advan- 
tageous for precipitating the magnesium as magnesium silicate, 
which has been proved to be the most desirable form of mag- 
nesium sludge in boiler water, with minimum tendency for the 
formation of adherent deposits. To obtain the advantage of 
these developments the  boiler-water-conditioning control, 
started after the acid cleaning in April, 1943, was established as 
follows: 


K to Naratio, equivalents (min)................... 2:1 

SiO, to alkalinity ratio, equivalents (max)........... 1.221 


Inasmuch as the plant uses tidewater for cooling purposes, so 
that even small amounts of condenser leakage introduced con- 
siderable sodium in the “boiler water, it was necessary to feed 
potassium chloride, in addition to the potassium phosphate, sul- 
phite, and silicate, to maintain the desired potassium to sodium 
ratio, 

A number of tests which were conducted after the boiler was 
returned to service with the use of potassium chemicals showed 
quite promising results. One of the most interesting features 
was the virtual elimination of sulphate and phosphate hide- 
out. The results of typical hide-out tests during the periods 
of sodium and potassium treatment, respectively, are shown in 
Fig. 4. The upper curves show the chloride concentrations as 
the load on the boiler was decreased. The lack of hide-out 
with potassium-treated boiler water contrasts sharply with the 
large arnount of hide-out indicated by the sodium sulphate 
and sodium phosphate, obtained during the period of sodium 
treatment. 

Several boiler inspections after relatively short runs, following 
the use of potassium chemicals, also showed promising results in- 
asmuch as the boiler internals proved to be quite clean. Therefore 
the boiler was operated at full design pressure and the maximum 
load desired by the plant, generally between 550,000 and 600,000 
lb of steam per hour. 

A series of special tests were also made during this period which 
produced a number of interesting results. For example, it was 
found that in this boiler high-silica concentrations were unstable, 
and it was therefore inadvisable to try maintaining more than 
10 ppm of silica in solution in the boiler water. 

The work of Hitchens and Purssell® inditated that very little 
decomposition or auto-oxidation of sodium sulphite occurred up 
to a steam pressure of 1775 psi. However, in the Montaup 
boiler, considerable decomposition of sodium sulphite had been 
indicated whenever efforts were made to maintain more than a 
few ppm thereof in the boiler water. In this respect the potas- 


*“The Behaviour of Sodium Sulphite in High-Pressure Steam 
Boilers,” by R. M. Hitchens and J. W. Purssell, Jr., Trans. A.S.M.E., 
vol. 60, 1938, PP. 469-473. 
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sium sulphite proved similar, and therefore the decision was made 
to maintain only a few ppm of sulphite in the boiler water, to 
serve primarily as an indicator of whether or not dissolved oxygen 
was entering the boiler with the feedwater. 

In December, 1943, No. 2 roof tube failed, apparently due to 
sludge accumulation in the rear-wall header around the strainer 
supplying the orifice which fed this particular tube. A number 
of tube sections were cut out at this time and considerable iron- 
oxide formation was found on the tubes, particularly on the fire 
side. Pickling some of the tube sections also disclosed a thin 
yellow ribbon of acmite, sodium iron sjlicate scale, on the fire 
side of a number of the tubes. Details of this are given in the 
reference paper by Parks* and need not be repeated here. It is 
perhaps noteworthy that during the period of potassium and 
silicate treatment the boiler had been operating at full design 
pressure and had generated considerably more steam with but 
one tube failure than it had during the period of sodium treat- 
ment during which three tube failures had occurred. 

The boiler was again acid-washed by Dowell, using inhibited 
hydrochloric acid with some bifluoride added in order tc remove 
the silicate scale as well as the iron-oxide formation. In order 
to eliminate further sludge accumulations at the ends of the rear 
header, arrangements ‘ere also made to interconnect each end of 
the rear-wall header with the adjacent side-wall header. 


PorasstuM TREATMENT IN Use Since January 1, 1944 


In putting the boiler back on the line, it was decided to dis- 
continue the feed of silica because of the slight but definite acmite 
formation which had been produced on the fire sides of a number 
of the tubes. It was also deemed advisable to continue with 
potassium boiler-water treatment because of the lack of hide- 
out when potassium chemicals were used in the boiler-water 
conditioning. Furthermore, a number of other plants which had 
substituted potassium chemicals in place of sodium chemicals for 
high-pressure-boiler water conditioning, had also found con- 
siderably less phosphate sludge in the boilers following this change 
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even though silica feed had not been used. This factor was also 
an influence in the decision to continue with potassium treatment. 

Our laboratory has been doing considerable work with various 
solo solutions and mixtures of various salts in high-temperature 
bombs to determine the vapor pressures of the solutions at 
various temperatures and pressures. The results of a series of 
such tests are plotted in Fig. 5, from the data of Kaufman, 
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Marcy, and Trautman.® These curves show why hide-out is 
readily obtained with sodium phosphate and not with potas- 
sium phosphate. For example, the At for sodium phosphate is 
only approximately 5 to 9 deg F for the entire temperature range 
from 400 to 3200 psia. Thus a film temperature of only 5 to 9 
deg F above that of the main body of boiler water would be neces- 
sary to produce Ats, or a saturated solution. If the film tempera- 
ture exceeds this, the solution will go to dryness, or, in this case, 
result in hide-out of sodium phosphate. With solo solutions of 
potassium phosphate, a At of several hundred degrees would 
be required before saturation and hide-out could occur. Mix- 
tures of sodium and potassium phosphates show intermediate 
behavior, with an increasing Ats as the ratio of potassium to 
sodium is increased. 

Fig. 6 shows the vapor pressures for a number of solo solutions 
compared to those of water at various temperatures. It will be 
noted from Fig. 6 that many of the sodium salts such as sodium 
phosphate, sodium sulphate, and sodium silicate have very low 
Ats values, or would go to dryness at a film boiler temperature of 
10 deg or less in excess of the temperature of the saturated steam. 
A considerably larger Ats value is indicated for sodium chloride 
and even greater values are obtained for potassium chloride. As 
mentioned in connection with Fig. 5, the Ats of potassium phos- 
phate is so large that it would seem almost impossible to obtain a 


* “The Behaviour of Highly Concentrated Boiler Water,’’ by C. E. 
Kaufman, V. M. Marcy, and W. H. Trautman, Proceedings of the 
Sixth Annual Water Conference, Engineers Society of Western 
Pennsylvania, October, 1945. 
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film temperature sufficiently high to precipitate potassium phos- 
phate out of solution unless actual overheating of a tube occurs 
to a considerable degree. With either sodium or potassium 
hydroxides, concentration of the solution occurs without going 
to dryness. In other words, in a boiler, or in a water-hydroxide 
system, Ats is practically nonexistent for sodium or potassium 
hydroxides. 

As pointed out in connection with Fig. 1, concentration of 
hydroxide, such as obtained by only a few degrees elevation in 
temperature due to film boiling, can produce conditions decidedly 
corrosive to boiler metal. Therefore in thinking in terms of the 
concentrated solution which can develop, it is desirable to intro- 
duce other salts of sufficient Ats to remain in solution in case of 
film boiling, and thereby reduce the concentration of caustic 
which can result. In order to accomplish this, the joint means 
were used of decreasing the range of alkali to be maintained in 
the boiler water and increasing the potassium chloride concen- 
tration. The effectiveness of this was checked in the laboratory 
by means of accelerated tests. Bombs were charged with 250 g 
of solids (anhydrous) and 30 g of water. The temperature 
within the bomb was raised to approximately 1022 F in a period 
of 3 hr, after which the heating was discontinued and the closed 
bomb allowed to cool to room temperature. The residual pres- 
sure due to the hydrogen generated during this test was measured 
after cooling. The results obtained for mixtures of potassium 
chloride and potassium hydroxide, potassium phosphate and 
potassium hydroxide, and mixtures of both potassium chloride 
and potassium phosphate with potassium hydroxide are plotted 
in Fig. 7. It will be noted from this figure that the amount 
of hydrogen formed, which is a direct indication of the amount of 
attack on iron, dropped very rapidly as the molar ratio decreases 
below 0.2 for mols KOH over the total mols of chemicals present. 
Thus for benefit to be obtained from this source it is indicated 
that the chloride concentration, in equivalents, should be at 
least 5 times that of. the hydroxide concentration, and for added 
safety in this respect a ratio of 10 to 1 chloride to alkalinity was 
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established as a minimum for the chemical control of the Montaup 
boiler water. 

The detailed control limits which were established and have 
been maintained since January 1, 1944, are as follows: 


Phenolphthalein alkalinity (ml, N/30 acid 

required for 100-ml sample)............. 0.5-1.6 
Phosphate (PO,), 
Chloride: hydroxide ratio, epm............ Minimum = 10:1 
Potassium: sodium ratio, epm............. Minimum = 3:1 


Actually, the control has worked out so that the chloride to 
hydroxide ratio, in equivalents, is seldom below 50:1. Thus ina 
film-boiling solution with At of 5 deg F, instead of obtaining a 
caustic concentration of 4.5 per cent, this concentration will be 
only about 0.09 per cent (900 ppm or 22.5 epm), or still within 
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the protective range of minimum attack by hydroxide on steel 
at high-pressure-boiler temperatures, as indicated by the data of 
Berl and van Taack plotted in Fig. 1. 


FEEDWATER 


The nature of the boiler feedwater is also a factor which cannot 
be ignored, especially in the operation of high-pressure boilers. 

The boiler feedwater at Montaup is obtained from the turbine 
condensers plus a small amount of evaporated make-up water. 
Control to maintain good feedwater conditions is normally main- 
tained at the plant, as proved by some 15 years’ operation of the 
400-psi boilers without difficulty in the preboiler equipment. 
However, with the advent of the early difficulties encountered in 
the operation of the high-pressure boiler, steps were taken further 
t6 improve the quality of the feedwater wherever possible. 
Operation of the two deaerators was adjusted so that they would 
always be under positive pressure to assure good elimination of 
dissolved oxygen. The turbine condensers were also retubed in 


1944, to assure minimum contamination by the tidewater used 
for condenser cooling. 

These steps have resulted in feedwater which generally shows 
Carbon dioxide in the system 


zero values for dissolved oxygen. 
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is also very low, due to the feedwater to the evaporators being a 
sulphate rather than a carbonate water. Tests made on the 
steam indicate that the carbon-dioxide content is of the order of 
0.01 ppm. Measurement by means of a Leeds & Northrup pH 
meter on flowing cooled samples, right at the sampling points 
after the deaerators, generally shows pH values of about 8.5. 
Condenser leakage is immediately indicated on the condensate- 
conductivity recorders, and if this becomes at all high, the con- 
denser is taken out of service as soon as possible and the leaking 
tubes located and plugged. As a result of this control the tur- 
bine condensate used for feedwater has averaged less than 5 
micromhos per em conductivity, since the summer of 1944. 


EXAMINATION OF BorLer-TuBE SEcTIONS 


The removal of tube sections for examination rather than 
merely examination and analysis of such deposits as are found in 
the wet-steam drum, has greatly facilitated the determination of 
internal conditions of the Montaup boiler. We have thus been 
able to study the distribution of constituents of the deposit be- 
tween the fire and cold sides of the tubes, as well as between the 
surface of the deposit and the area next to the metal. Examples 
of this variation are the presence of acmite (Na2O.Fe,03.4Si0;) 
on the fire side of some tubes in a thin layer next to the metal. 
In some instances this layer was so thin that it would never have 
been detected had the tube section not been pickled. The bulk 
of the deposits was iron oxide and contained little or no acmite. 
Another example is the presence of a considerably higher percent- 
age of phosphate sludge on the cold side of some tubes rather 
than on the fire side. A third example of variation is found in the 
appearance of the internal surfaces of some tubes. Many of 
these specimens examined showed smooth continuous films of 
magnetic iron oxide, while others exhibited considerable rough- 
ness and thicker surface deposit. Pickling of the specimens 
showed that those tubes which exhibited a rough surface very 
frequently showed evidence of metal attack. 

The first set of specimens examined by us was removed from 
the boiler on January 13, 1943, at the time of failure in the No. 2 
roof tube. The general condition of these tubes has already 
been reported in the paper by Parks.* Also in this paper were 
presented for comparison photographs of tubes examjned after 
the boiler had been on potassium-silicate treatment. In both 
of these sets of tubes a hard dense deposit, consisting chiefly of 
magnetic iron oxide, was found on the fjre side of the specimens 
examined. This was, at least in the specimens removed after 
potassium-silicate treatment, found to overlie a very thin film of 
acmite (NasO.Fe,0;.48i0.). The specimens removed after so- 
dium treatment were not pickled to determine if a layer of acmite 
adjacent to the metal was present. The cold side of the tubes, 
while showing a relatively rough surface, did not exhibit the hard, 
dense iron oxide found on the fire side in either of these sets of 
specimens. The material on the cold side of the tube was soft 
and powdery, as was the surface layer on the fire side which 
covered the hard, dense material. 

Appreciable roughening of the metal surface of a number of 
the tubes was evident. This roughening was believed due in 
part, at least, to small tears produced in the tubes during cold- 
drawing. A specimen of this sort of tubing, carefully polished to 
remove the tears before installation, did not show as much attack 
on the metal surface although this tube section was not in opera- 
tion as long as the unpolished tube. It is not known whether 
acid-cleaning of the boiler contributed to this roughening. 

The first set of specimens removed after the discontinuance of 
silica feed still showed some patches of the dense iron oxide, which 
patches were coated with metallic copper. Since these specimens 
had been in the boiler during silica feed and the acid-cleaning 
which was done following the silica treatment, it seems quite 
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in-diam, or normal size orifice; tube No. 136 is fed from a 0.30-in-diam orifice.) 


possible that the deposition of copper and even part of the pitting 
might have occurred during the acid-cleaning. Tube sections 
removed up to September, 1945, showed that none of the tubes 
which have been installed since the December, 1943, acid-cleaning 


contained any significant amount of this hard dense iron oxide. 
One or two localized patches of scale had developed, but this 1s 
believed due to restricted circulation from welding slag in the 
particular tube orifice, as will be explained later. 
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Since the surfaces of the tubes originally installed in the boiler 
were found quite rough, particularly on the fire side, it was de- 
cided, in order really to evaluate the present method of treatment, 
to examine only specimens which have been installed since the 
December, 1943, acid-cleaning. Special orifices were installed in 
the strainers feeding six of the north-wall tubes. A fairly large 
section of these tubes, plus an adjacent pair, fed by the normal 
orifice, was replaced in June, 1944, with new tubing and we were 
therefore able to determine the general effect of treatment and 
also the effect of the special orifices on the same set of samples. 

The specimens from this section examined during the latter 
part of 1944, contained considerably more calcium and mag- 
nesium phosphate than had previously been seen on the tubes 
since the institution of potassium treatment, although there was 
no evidence of marked attack on the tubes such as had been 
experienced with the tubes examined previously. It was found 
that much of the sludge and iron oxide could be removed from 
the boiler by operating for a 24-hr period at 460 psi and high 
blowdown. Until the October, 1945, failure of two rear-wall 
tubes, this treatment of the boiler indicated that accumulation 
of deposit was insignificant. 
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Prior to the use of tubes installed in 1944, for examination, it 
was almost impossible to tell from the condition of the metal 
surface or from the amount of sludge accumulation just what the 
extent of attack really was. This was because the amount of 
metal loss and consequent roughening of the surface seemed to be a 
function of the number of tears occurring in the metal surface 
during cold-drawing, as well as operating conditions. The 
accumulation of iron oxide and also tke precipitation of phosphate 
sludge appeared to be proportional to the amount of roughening 
of the metal surface. Of particular interest along this line was 
the fact that the phosphate sludge tended to pile up on the down- 
stream side of a high spot in the iron-oxide surface, especially 
behind a tubercle on the cold side of the tube. We are at a'loss to 
explain why there should be more phosphate on the cold side, 
unless the increased turbulence on the fire side of the tube pre- 
vented it from settling out. The phenomenon has, however, 
been observed too frequently to be pure coincidence. 

Fig. 8 shows portions of tubes removed from the north wall 
after approximately 15 months of the present potassium treat- 
ment. Tube No. 134 is one of a pair of tubes being fed through 
a normal 0.34-in. orifice. It will be noted that the surface of the 
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oxide film is fairly smooth and that there is no evidence of 
significant attack on the metal in the pickled specimen, either on 
the fire or cold side. Tube No. 138 is one of a pair of tubes being 
fed by a special 0.50-in. orifice and is similar in appearance to 
No. 134 tube with the normal orifice. Tube No. 136 is one of a 
pair of tubes being fed by a reduced-sized orifice, 0.30in. In the 
original specimen from this tube the definite roughening of the 
surface of the deposit can be noted on both the fire and cold sides. 
In the pickled specimen there is a little more roughening of the 
surface on the fire side, Fig. 9. 

Tubes Nos. 139 and 140, Fig. 9, normally a pair fed by a single 
0.34-in. orifice, are fed by two separate 0.25-in. orifices. These 
two separate small orifices would transmit about the same total 
water flow as through a single 0.34-in. standard orifice. It will be 
noted that there is no more attack evident on the pickled speci- 
mens of tube No. 139 than in the normal tubes. The flaking off 
of deposits on the cold side of tube No. 139 is believed to be due 
purely to mechanical causes during shipment of the tube, since 
light tapping of the tube in the laboratory removed more of the 
deposit. The particular section of tube No. 140 shown was photo- 
graphed because of the apparent difference in the nature of the 
deposit. This is the only hard patch on any of this set of tubes, 
and does not extend over the remainder of the specimens from this 
tube. The main constituent of this very thin, hard, scalelike ma- 
terial is still iron oxide, although there is considerably more 
hematite (Fe,O;) than magnetic iron oxide (Fe;0,) present. 
There is also some phosphate sludge, some form of silica which 
was not sufficiently crystalline or present in sufficient amount for 
identification by x ray, and a small amount of metallic copper. 
Traces of sodium and potassium salts were also found in the, 
deposits, apparently trapped in the scale. The poor appearance 
of the fire side of tube No. 140 is not considered significant as 
this condition was probably produced as a result of the orifice 
restriction which caused the No. 139 tube failure in July, 1944, as 
discussed in the first paper of this series by Parks, Patterson, and 
Ryan.‘ 

The freedom from sludge and general appearance of most of 
these tubes is encouraging. It should be remembered, however, 
that the amount of sludge or scale which would cause little if any 
difficulty in the average boiler would likely result in a large num- 
ber of tube failures in a high-pressure boiler with high heat- 
absorption rates. 

The two tubes which failed on October 26, 1945, and a number 
of other tubes as well, again showed considerable deposit forma- 
tion. In view of the long period of operation with little in the 
way of deposits from January 1, 1944, to September 14, 1945, it 
appears that some unusual circumstance may have developed in 
the operation prior to October 26. On the other hand, this may 
simply indicate that inasmuch as only the tubes cut out can be 
inspected for internal conditions, it would be advisable to acid- 
clean the unit at regular intervals such as annual shutdowns, 
rather than to operate indefinitely without certain knowledge of 
boiler cleanliness. 


CONCLUSIONS 


Operation of the Montaup high-pressure boiler since April, 
1943, when potassium treatment was first instituted, has been 
decidedly successful, with operation at full design pressure and 
generally near design load as required by the plant. 

There have been only two forced boiler outages since April, 
1943, associated with internal boiler deposit. This record for 
21/2 years’ operation can be equaled or bettered by very few boilers 
operating at 1950 psi or higher drum pressure, which is the 
operating pressure of the Montaup unit. 

In arriving at the boiler-water control for high-pressure boilers, 
not only the over-all boiler-water conditions must be considered, 
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but attention must also be focused on the type of water which 
will develop when abnormally high concentrations occur, such 
as follow with but a few degrees film-temperature increase above 
the over-all boiler water and saturated-steam temperatures. 

It is felt that the advantages of potassium equilibrium in the 
boiler water have been definite contributing factors to the operat- 
ing record of this boiler, similarly to a number of other boilers 
operating at pressures of 600 psi or above, where definite im- 
provements in internal boiler conditions or maintenance of 
turbine capacities, or both, have resulted. 


Discussion 


T. J. Finnecan.” This paper describes the application of 
potassium treatment to the Somerset Station and presents curves 
which show that under that treatment hide-out did not occur, 
while under sodium treatment it was present. This is in agree- 
ment with our experience with three high-pressure natural- 
circulation boilers which operate at 1265 psia and 900 F at the 
turbine inlet and deliver 900,000 Ib of steam per hr. In our experi- 
ence, however, it has been found that hide-out of phosphate is 
absent only when the PO, content of the boiler water is kept at a 
low figure and consequently we do not allow it to exceed 10 
ppm. There is probably a relation between boiler design and the 
amount of hide-out which will occur, and this must be considered 
along with the purely chemical features of the problem. 

We can also support the statement regarding the decomposition 
of sulphite in the boiler water and can demonstrate that the con- 
dition which permits it to occur may be very delicately estab- 
lished and difficult to define. In one of two 900,000-Ib per hr 
high-pressure boilers, which had been operated with about 15 
ppm of excess SO;, sufficient decomposition occurred so that 
hydrogen sulphide could be smelled easily in the steam, and cop- 
per sulphide deposits were found on the high-pressure heaters, 
while in the other boiler no evidence of sulphite decomposition 
was found. Both boilers were operated under similar conditions 
of loading. 

Reports have been received of good results in the treatment of 
high magnesium boiler water with silicates in order to avoid 
magnesium-phosphate deposits and to precipitate magnesium as 
silicate sludge. The boilers which are given this treatment are 
generally operated at low pressure and with high make-up. It 
seems risky to extend this treatment to boilers which operate in 
the pressure range which has been associated with silica deposits 
inthe turbine. Silicate treatment was discontinued in the Somer- 
set boiler because a small amount of silica scale had been found 
but an equally important consideration would be the internal 
condition of the turbine. 

In spite of the fact that the three high-pressure units mentioned 
operate with less than 1 per cent make-up, at one time severe 
silica deposits had been found in the turbine. At present the 
silica deposits are light enough so that they can generally be disre- 
garded in scheduling the regular outages of these machines, and 
this has been effected by reducing the boiler-water silica to a 
low a value as it is possible to obtain; it is usually of the order 0! 
2 to 3 ppm of silica. 


AvutuHors’ CLOSURE 


Mr. Finnegan’s comments in regard to actions observed with 
phosphate and sulphite contribute to the information obtained 
from operating results. 

The extent to which phosphate hide-out will occur, or be 
eliminated, when using potassium chemicals, will be affected by 


10 Chemical Engineer, Buffalo, Niagara Electric Corporation, 
Buffalo, N. Y. Mem. A.S.M.E. 
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the ratio of potassium to sodium present, and the Af as illustrated 
by Figs. 2 and 5 of the reference paper. 

The use of silica, properly controlled, has been of decided 
benefit in reducing the amount of adherent sludge in many 
boilers. Successful experiences in this respect include boilers 


operating at as high as 750-psi drum pressure, with no increase 
in the turbine deposition. The precipitation of residual mag- 
nesium entering the boiler as the silicate, instead of the hydroxide 
or phosphate, produces the most favorable conditions for the 
prevention of adherent sludges. 
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Experience With Instruments and Control 


Equipment for 2000-Psi Boiler at Somerset 
Station of Montaup Electric Company 


By W. D. BISSELL! ano E. B. POWELL? 


This paper presents comprehensive descriptions and 
operating experiences with the instruments and control 
equipment as applied to the high-pressure high-capacity 
boiler of the Somerset Station. Details are given not only 
of the completely automatic operating and control equip- 
ment but also of the indicating and recording instruments 
which enable the operators to follow constantly the oper- 
ating conditions of the boiler and thus permit immediate 
manual adjustment when the need is indicated. 


HE 2000-psi boiler at Somerset Station is numbered 6 
from location and sequence of installation in the station 
and, for brevity, will be referred to as boiler 6 in this dis- 
cussion. The instruments and automatic regulating devices 


‘ Somerset Station, Montaup Electric Company, Fall River, Mass. 

*Stone & Webster Engineering Corporation, Boston, Mass. 
Mem. A.S.M.E. 

Contributed by the Power, Industrial Instruments and Regulators 
Divisions, and the Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting, New York, N. Y., Nov. 
26-29, 1945, of Tum AMERICAN Soctery or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


which serve for operation control on the boiler are conveniently 
considered in three groups. In group (1) is classed equipment 
serving primarily for stabilization of output and efficiency of 
combustion; in group (2), equipment for maintenance of water 
conditions. For ready identification of equipment associated 
with the distinguishing characteristic of the boiler, a third group- 
ing is employed for permanent instruments and controls installed 
to meet the special needs of forced circulation. 


ConTROL OF BorLER OPERATION AND COMBUSTION EFFICIENCY 


The functions served by the instruments and control equip- 
ment of group (1), as classified in the preceding paragraph, are 
essentially those to be met in the operation of any modern boiler 
of equal capacity, i.e., pressure gages for steam, water, and air; 
flowmeters for steam, water, and fuel oil; feeder speed indicators 
for pulverized coal; instruments for evaluation of combustion 
efficiency; boiler-drum water-level recorder and drum water- 
level indicators; combustion and steam-pressure control; steam- 
temperature control; feedwater-pressure and flow-control de- 
vices. Interest in experience with this equipment is found 
chiefly in the instances where pioneering has been involved. 
Other equipment will be sketched merely for perspective. 

Main Control Board. The main control board, mounting in- 


453 


‘ 

EN 

° 

ap 


454 


struments and controls primarily of group (1), is shown in Fig. 1. 
The operating signal lights for the boiler circulating pumps at 
the extreme left near the top of the board are the only equipment 
of this figure not classed as of group (1). At right and left of the 
board are independently mounted primary-air pressure gages. 
Above the board are fuel-oil pressure gages and coal-stream tem- 
perature indicators. On the board proper the top row includes 
coal-feeder tachometers at the extreme left, and fan-motor am- 
meters at the extreme right, multipoint draft gages in the middle, 
with water- and steam-pressure gages. The row of recording in- 
struments includes recorders for temperature of steam and boiler 
feedwater at the extreme left, and temperature of flue gases and 
air for combustion at the extreme right, with boiler-feedwater 
flow and pressure, and steam pressure, boiler-drum water level, 
main steam flow - air flow, reheater steam flow, fuel-oil pressure, 
and flue-gas oxygen in sequence in intermediate positions. At 
left and right of the feedwater flow recorder are mounted, respec- 
tively, controls for feedwater regulation and one of the drum 
water-level indicators. Similarly, at the sides of the flue-gas 
oxygen recorder are mounted, respectively, induced-draft-fan 
motor-exciter voltmeter and the steam-pressure reducing-valve 
controls. The lower half of the board is devoted almost exclu- 
sively to combustion and steam-pressure control, providing for 
manual control of the combustion system as a whole or for selec- 
tive use of manual or automatic control as desired on the differ- 
ent elements of the system. 

The flue gas-oxygen recorder is one of the highly informative 
instruments of the board. However, this instrument had barely 
passed the experimental development stage when purchased. 
As to be expected with novel equipment, a number of difficulties 
have been encountered from those frailties which it seems expe- 
rience alone can fully bring to light. Experience has also proved 
the value of the instrument as a guide in control of combustion, 
giving more definite and precise indication of furnace conditions 


than the steam flow - air flow recorder which it serves to supple- 
ment. The flue-gas oxygen recorder is now to be extensively re- 
built. 

Mounted on a hinged panel at the left of the recorder row are 
indicating pyrometers for main superheated-steam and reheated- 


steam temperatures. Mounted on a separate panel on the op- 
posite side of the aisle, facing the main control board and not 
shown in the figure, is a group of instruments serving primarily to 
place control of the temperature of 375 psi superheated steam, 
delivered to the turbine throttle, in the hands of the high-pres- 
sure-boiler operator. This temperature control is effected by regu- 
lation of water supply to the desuperheater precediag the steam 
reheater normally, to the by-pass desuperheaters when the 
latter are in operation. The equipment of the panel includes two 
temperature indicators and recorders, one for each of the low- 
pressure-turbine throttles, an indicator for temperature of steam 
from the reheater, and water controls for the 4-in. by-pass de- 
superheater. Control valves for the desuperheating station 
ahead of the reheater, while not operated from the panel, are 
readily accessible at the rear of the boiler at the same grade. 
Controls for the 10-in. by-pass pressure-reducing and desuper- 
heating station and for pressure reduction ahead of the 4-in. de- 
superheater are on the main board. 

Variations in superheated-steam temperature on the low- 
pressure system are caused usually by variations in loading of 
low-pressure boilers which take up all load swings within the 
limits of their operating capacity. The throttle steam tempera- 
ture on the low-pressure turbines must be held within close lim- 
its. Obviously, maintenance of mere constancy of reheated- 
steam temperature would not meet the requirements. Accord- 
ingly, manual adjustments are made in desuperheating the low- 
pressure steam prior to reheating, or in automatically controlled 
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Fic. 2 Borter-Feep-Pump INSTRUMENT PANEL; GR.137 
temperature of pressure-reduced steam, or in both, as required 
to give substantially constant temperature at the low-pressure- 
turbine throttles. The indicating pyrometers on reheated steam 
and the temperature indicators and recorders on steam at the 
throttles of the two low-pressure turbines give the operator 
clearly readable and closely concurrent values at these points at 
all times. 

Adjacent to the low-pressure-system steam-temperature con- 
trol panel is a 12-point potentiometer indicator for checking re- 
corders and for reading instantaneous temperatures. With multi- 
point recorders, several minutes may elapse between temperature 
measurements for a particular point. The indicators bridge the 
gap and give values instantly or continuously as desired. 

Boiler-Feed-Pump Instruments. Fig. 2 shows the boiler-feed- 
pump instrument panel on the main operating floor, Gr. 137, on 
which are mounted a recorder for steam flow to turbine-driven 
feed pumps and for high-pressure-boiler feedwater flow and pres- 
sure, and a recording pyrometer for feedwater temperature at 
several stages of heating, as well as indicating gages for individual! 
pump suction and discharge pressures, pump-turbine-drive ex- 
haust and extraction pressures, and pressure differential between 
boiler drum and main feedwater header. Additional feedwater- 
system pressures and temperatures are indicated on the gages 
of the feedwater-heater instrument panel shown in Fig. 38. On 
this panel are also mounted controls for motor-operated feed-line 
valves at the high-pressure heaters and alarms for water levels in 
the shells of closed-type heaters. This panel is located on the 
ground floor, Gr. 118. 

Regulation of Boiler-Feedwater Flow and Feed-Line Pressvr. 
The feedwater flow recorder on the main board records the total 
of the separate flows in the two feedwater lines to the boiler 
economizer. The feedwater-regulator controls mounted «ad- 
jacent to this recorder provide for adjustment of water-level 
position in the drum, for changes from automatic control from Lhe 
corresponding drum-end thermostat to manual control, and 
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vice versa on either or both feed-line flow regulators, and for the 
manual control of feed-line flow through either or both regulators. 
Valve position indicators immediately above the controls show at 
all times the degree of opening of each regulator. Separate line 
flow indicators, which are of value in equalizing regulator opera- 
tion, are mounted adjacent to the respective individual metering 
orifices. The master controller, which functions to maintain the 
required head differential on the feedwater regulating valves and 
a definite pressure excess in the feedwater line for sealing the 
glands of the boiler circulating pumps, is mounted at the rear of 
the boiler and, as its adjustments are of relative permanence, is 
not arranged for control from the main board. 

Transmission of the primary impulses from the drum end 
thermostats to the receiving diaphragms on the feedwater 
regulators, and from the feed-line excess-pressure master con- 
troller to the receiving diaphragms for adjusting the speed set- 
tings of the boiler feed pump turbine governors, has been accom- 
plished eminently satisfactorily with compressed air. For the 
actual motivating fluid on the feedwater-regulator pistons, water 
was found during preliminary operation to give a smoother and 
more precise control and, accordingly, was adopted. On failure 
of the motivating water supply, the feed-regulating valve is auto- 
matically locked in position. Shifts back and forth between 
automatic and manual controls are effected easily and smoothly 
and, since the change in motivating fluid on the water-flow- 
regulator pistons, the functioning of the system has creditably 
met all demands, positively controlling the water level in the 
drum over the full capacity range of feed-line flow down to the 
condition of complete feedwater supply through circulating- 
pump gland leakage. Maintenance, aside from wear on the feed- 
pump low-load flow-recirculating valves, has called for little more 
than routine of inspection, cleaning, and lubrication of parts. 


The feed-line pressure-control system provides not merely for 
high-pressure feed-pump speed adjustment but also for automatic 
spilling of the high-pressure feed-pump-drive turbine exhaust to 
the 15-psig exhaust system, and to atmosphere if required in the 
emergency of failure of one of the normally two such pumps in 
operation.? As there has been no high-pressure boiler-feed pump 
service failure, this last provision has not been called into opera- 
tion. 

The automatic control of recirculation of feedwater, required 
at low loads on the high-pressure boiler-feed pumps,’ is also one 
of the functions of the high-pressure boiler-feed regulating system. 
The recirculating valve is operated by air impulse from the feed- 
pump-governor speed-setting control. As commented above, 
wear on the valve parts from the 2150-psi to 500-psi pressure 
reduction taken in the valve has been about the only source of 
significant replacement called for in maintenance of the high- 
pressure-feed regulating system. It is now believed that the life 
of these parts can be increased by change in design. 

Combustion Control. Combustion control is of course initiated 
by change in steam pressure, with auxiliary adjustments from the 
accompanying steam flow and gas flow. The measurements of 
steam pressure and steam flow are usually direct and accom- 
plished with adequate precision without regard to boiler design. 
On the other hand, for the modern boiler with heating surface 
almost exclusively of the radiant type, especially where the super- 
heater is under gas by-pass control as in boiler 6, inherent 
sources of draft loss appropriate for the measurement of com- 
bustion-gas flow or combustion air flow become not so obvious. 
Control equipment and certain instruments used for giving a 
running check on control efficiency are dependent upon the pre- 
cision of this measurement. The problem of providing the essen- 
tials for this measurement adequately and economically may 
well receive the careful attention of both boiler manufacturer and 
plant designer. 

Before going into the experiences in measurement of combus- 
tion-gas flow on boiler 6, it should be pointed out that super- 
heated-steam temperature is controlled by diverting through the 
upper economizer a part of the combustion gas flow which 
would otherwise make full travel of the convection bank of the 
superheater. The diversion of gas flow is accomplished by ad- 
justment of main and by-pass dampers at the gas outlet of the 
economizer, shown diagrammatically in Fig. 4. Steam tempera- 
ture is held very closely, swings in temperature rarely exceeding 
5 F even during operation of soot blowers. 

As first arranged, air flow for combustion was evaluated by 
summation of straight-line functions of gas pressure drops across 
the two parts of the economizer, utilizing connections at points 
about as indicated by C and D and E and F in Fig. 4. For re- 
cording steam flow - air flow relations, the combustion-gas flow in- 
itially was to be based upon the differential across the steam re- 
heater between points indicated by A and B, also in Fig. 4. It 
early became evident, however, that the normal gas resistance of 
the reheater was not great enough to give consistent measure- 
ment of gas flow, and connections were made to provide for sum- 
mation of straight-line functions of economizer-draft drops, 
paralleling the corresponding arrangements for combustion con- 
trol. For metering purposes, however, an effort was made to 
compensate for variations in gas density by making the two pres- 
sure connections on the flue at the same level and extending the 
trailing pressure lead to the outlet of the economizer within 
the gas stream. 

Attempts toward close co-ordination in combustion control en- 


3 ‘‘1895-Lb-Pressure Topping Unit With Special Reference to 
Forced-Circulation Boiler,” by F. 8. Clark, F. H. Rosencrants, and 
W. H. Armacost, Trans. A.S.M.E., vol. 65, 1943, pp. 461-477. 
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countered the situation that pressures measured at the down- 
stream connections in the economizer casings were seriously in- 
fluenced by flow disturbances varying with the positions of main 
and by-pass dampers. In addition, during the first few months of 
operation, apparently the economizer gas-pressure differentials 
were affected by accumulating deposits on economizer surfaces 
and by flow disturbances from slag and ash accumulations in the 
superheater and reheater ahead of the economizer. These factors 
gave an annoying lack of consistency in gas-pressure differential 
in relation to actual rate of gas flow. After exhaustive efforts to 
improve performance, it was decided to abandon use of the steam- 
generating equipment proper as a source of gas-pressure differen- 
tial and install restricting baffles to form an orifice in the short 
length of flue between the economizer-outlet dampers and the air 
heater, as indicated in Fig. 4. Observations with this arrange- 
ment, however, demonstrated that the pressure loss, as meas- 
ured across the restricting baffles, was also influenced by the posi- 
tion of the dampers. . 

Air heaters of the rotating type are generally regarded as too 
unstable in draft characteristics for evaluating rates of gas flow, 


their variations in leakage and in resistance of path being thought 
too great to permit use of a device of that kind in the control of 
combustion and the metering of gas flow. However, use of the 
air-heater pressure differentials was adopted as a last resort. 
Connections for metering gas flow and the gas-flow factor in com- 
bustion control were shifted to G and H, Fig. 4. The results have 
been very promising. The arrangement has now been in opera- 
tion more than 6 months, and combustion control and air-flow 
measurement have been found to respond satisfactorily not only 
to normal fluctuations but in meeting severe sudden changes in 
load. 

Protective devices associated with the combustion control are 
arranged to give instant stoppage of fuel, coal or oil, on loss of pri- 
mary air, on excessive back pressure in the furnace, or on failure 
of both induced-draft fans and, under this last condition, forced- 
draft and primary-air fans will be tripped out. The use of con- 
trolled circulation requires also that all fuel be instantly cut off on 
failure of circulation, which in this case is effected by the pressure 
differential across the circulating pumps on dropping to 20 ps!. 

Although not news to many associated with power-plant opera 
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tion, it still cannot be too strongly stressed that successful opera- 
tion of automatic controls is inescapably dependent upon their 
conscientious routine inspection and maintenance and, where 
compressed air is the control-impulse fluid as on boiler 6, absolute 
cleanliness and dryness of air and reliability of air supply are of 
vital importance. Control service compressors are provided in 
duplicate, each of capacity for full requirements, with the station 
compressed-air system as emergency reserve, each brought in 
automatically on predetermined fall in control-line pressure. 


ContTROL OF BoILeR CIRCULATION 


The control and instrument equipment of group (3), having to 
do primarily with control of the boiler circulation, are of the gen- 
eral type of group (1). Aside from the signal lights and emer- 
gency cutoff for fuel supply mentioned in discussing the equip- 
ment of group (1), and certain gages mounted directly on the 
circulating pumps, the present control equipment of group (3) 


is identified on the boiler-circulating-pump panel, Fig. 5, which is 


Fic. 5 Crreutatinc-Pump PANEL; Gr. 118 


set up immediately beside the puimps as indicated in Fig. 4. 
There are three pumps, one motor-driven and two with com- 
bined motor-and-turbine drives. The gages of the two upper rows 
on the panel are arranged in three groups, showing for each pump 
labyrinth-seal injection and leak-off pressures and pump-drive- 
motor amperes. 

Rise in labyrinth leak-off pressure, indicating an increase in 
seuling-water requirements, has served to give warning of wear 
in the labyrinth gland. The three gages of the next row below are 
for pump suction and discharge header pressures and steam pres- 
sure available at the pump-drive-turbine throttles. Operating 
signal lights for the two turbines are mounted in intermediate 
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positions in this row. Below are, first a row of signal lights to}in- 
dicate the position of the individual pump suction and discharge 
valves, whether open or closed and, below these, the motor- 
circuit-breaker controls and their open and closed position signal 
lights. For convenience of the pump operator for close observa- 
tion while the boiler is being brought up to pressure or taken off 
pressure, injection pressure gages are mounted close to the in- 
jection control valves at the individual pumps. 

In addition to the control facilities at present in use, three dif- 
ferential-pressure recorders have been provided and are now 
mounted in place, but not yet connected, on a separate panel 
near the main operating board of boiler 6 on Gr. 137. These re- 
corders will give, for each of the three pumps, continuous record 
of pressure differentials between suction and discharge and be- 
tween discharge and labyrinth-gland-seal injection. As pointed 
out in a paper by Parks, Patterson, and Ryan,‘ in the original 
sealing arrangement the breakdown from the operating pressure 
of the circulating pump to the final leak-off pressure of approxi- 
mately 125 psi was effected by labyrinth exclusively. Water 
flow for sealing purposes and required boiler-feed line pressure, 
however, proved considerably higher than anticipated. With 
this condition corrected, the purpose of the new recorders is both 
to give continuous record of circulating-pump over-all perform- 
ance and to permit taking full advantage of the gland-seal im- 
provement in lowered feed-line pressure and feed-pump power 
consumption. 


CONTROL OF WATER CONDITIONING 


As is to be inferred from the other papers of this series, experi- 
ence with the instruments of group (2) has been of major interest at 
the station. Preliminary operation of the high-pressure unit early 
demonstrated that the simple routine of daily tests which had 
served for the older 375-psi plant was far from meeting the needs 
of close control of water conditions for boiler 6. More observa- 
tions and more frequent observations were necessary to avoid 
too long continuance of contamination or too wide discrepancy 
between coincident chemical requirements and actual chemical 
concentrations. Specific factors determined as commonly con- 
tributing to upsets of water conditions and found calling for more 
prompt detection have included condenser leakage; evaporator 
carry-over; chemical-feed variations; change in continuous- 
change in continuous blowdown to 
waste; contamination of stored condensate; subatmospheric 
pressure in deaerators; carry-over by steam from low-pressure 
boilers. 

Hazards associated with condenser leakage in a seaboard plant 
hardly need comment. Evaporator carry-over at Somerset Sta- 
tion presented a greater than usual problem because the make-up 
feed is drawn from a surface supply subject to seasonal organic 
contamination of a sort which markedly affects the boiling prop- 
erties of the water. The severe foaming which, prior to the in- 
stallation of supplemental washing scrubbers on the evaporator 
vapor lines in the summer of 1944, was liable to occur at unex- 
pectedly low evaporator concentration, was also very liable to 
pass undetected by any usual spot-sampling routine. The other 
factors mentioned have recognizable counterparts in most power 
stations. Factors less usual and less liable to occasional occur- 
rence have also come to attention. All have important poten- 
tialities in any high-pressure-boiler plant. 

Inspection following the overheating of a furnace-roof tube on 
January 13, 1943, had shown incipient pitting on tube interior sur- 
faces with corrosion products constituting the major part of the 


4 “Operating History and Performance of 2000-Psi Forced-Circu- 
lation Boiler at Somerset Station of Montaup Electric Company,” 
by G. U. Parks, W.S. Patterson, and W. F. Ryan, published on pages 
411-427 of this issue of the Transactions. 
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deposited material within the tubes. It appeared that tempera- 
ture rise in the metal from the insulating effect of a solid deposit 
on the interior surface of the tube might be promoting corrosion 
and so adding to the build-up of solid material with accelerating 
effects. Recording instruments to reveal and identify corrosive 
and other unfavorable conditions as they occurred seemed of 
pressing importance. 

Hydrogen evolution at the steel surface was believed to give 
a reliable index of the rate of metal loss in the absence of free 
oxygen in the system. Consequently, among the first of the new 
instruments selected was a two-point hydrogen single-point oxy- 
gen recorder, its commercial development and possibilities having 
been brought to the attention of one of the authors by Shep- 
pard T. Powell. Also, for the utmost promptness in detection 
and identification of departures from scheduled conditions, so as 
to minimize the continuance and effects of water variables, re- 
corders were provided to cover continuously the highly informa- 
tive test values of high-pressure feedwater and boiler-water pH 
and conductivity, and high-pressure steam and evaporator vapor 
conductivity. It was further recognized that instruments of 
this class should be under practically constant surveillance of 
operators who would themselves take any indicated corrective 
measures or would be in a position promptly to give proper in- 
structions to others. In setting up the permanent installation, 
the hydrogen-and-oxygen recorder, the high-pressure feedwater 
and boiler-water continuous-blowdown pH recorder, the high- 
pressure feedwater and superheated-steam conductivity recorder, 
and the high-pressure boiler-water continuous-blowdown con- 
ductivity recorder were mounted on the high-pressure turbine- 
room main operating control board shown in Fig. 6, and the 
evaporator vapor-conductivity recorder was installed in the low- 
pressure station pump and evaporator room. 

The high-pressure-turbine operator makes an hourly log of 
chemical-pump operation and continuous-blowdown valve set- 
tings; also, of recorded high-pressure feedwater oxygen and hy- 
drogen concentrations, conductivity, and pH; boiler-water 
conductivity; and superheated-steam hydrogen concentration 
and conductivity. In logging these values entry is made of 
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the temperature of the samples to the different recorders. Be- 
cause of the importance of stability of water conditions in boiler 
6, the operator makes hourly tests of the high-pressure continu- 
ous-blowdown water for alkalinity, phosphate concentration, 
and pH value as running checks on the recorders. With the close 
observation of water conditions so maintained in such comprehen- 
sive scope, even a slight change is quickly detected and usually 
its source rather promptly identified so that, in general, correc- 
tion can be made before any serious effects have resulted. Never- 
theless, much more in this direction can still be done. Meanwhile 
the broadened and heightened interest of the turbine operators, 
and their conscientious follow-up of irregularities observed in 
water conditions, are worthy of note and of emulation. 

The more complete daily analysis of high-pressure-boiler water 
and boiler feedwater is made once daily by the plant laboratory 
and the results of these analyses are used as the over-all check on 
the hourly tests for basic control of water conditioning. The 
extremely low values to which contamination from hardness- 
producing salts is held in the condensate of this tidewater sta- 
tion make it practicable to recirculate boiler blowdown water to 
assist in stabilizing feedwater alkalinity and deliver the norma] 
dosage of all water-conditioning chemicals continuously at the 
outlet of the deaerators to be carried through all high-temperature 
heat-exchange equipment to the boiler. A high-pressure chemical 
pump is available for delivery of chemicals directly to the boiler 
drum as special conditions may require. 

Notwithstanding the generally small values of feedwater con- 
tamination, the recording instruments give very practical dem- 
onstration of the importance of continuity and uniformity in 
chemical feed. With intermittent delivery of chemieals, if there i- 
serious condenser leakage or evaporator priming during an in- 
terval between periods of chemical introduction, there are 
prompt reflections in phosphate concentration and pH value, 
followed by increase in hydrogen evolution shown by the sample 
streams of both steam and feedwater. It is an almost invariable 
observation that serious upset in water conditions causes response 
in at least some discernible degree in the three feedwater test re- 
eorders. On this account, if one instrument shows an unusual in- 


Fic. 6 Matn Conrrot Boarp HicH-Pressure TuRBINE; Gr. 137 


t 
t 
( 
t 
I 


pa 


BISSELL, POWELL—EXPERIENCE WITH EQUIPMENT FOR 2000-PSI BOILER AT SOMERSET STATION 


8 ORIFICES IN SERIES 


NOZZLE 
LOADING SPRING 
| 


SEDIMENTATION 
POCKET 


. 
SUPER HEATED 


STEAM 


SAMPLING NOZZLE 


— FEED WATER PIPE 
CORROSION INDICATOR 
| 


/ 


\ 
\ 
\ 
‘WW SAMPLE LINE 
BLOW OFF VALVE 


SEDIMENTATION 
POCKET 


Fic. 8 DtacraM or BoILer-FEEDWATER-SAMPLING 


dication without response of any sort in the records of the others, 
the condition and accuracy of that instrument are investigated. 
Initial sampling connections and piping to the analyzing blocks 
of the hydrogen and oxygen recorder were temporary in anticipa- 
tion of exploratory studies to be conducted. With the aid of de- 
gassing and sampling apparatus made available in March, 1944, 
through the courtesy of the American Gas and Electric Service 
Corporation and Beech Bottom Power Company, several weeks 
were spent in calibration of the hydrogen equipment and the po- 
tential accuracy and dependability of the analyzer and recorder 
demonstrated. After considerable preliminary investigation of 
sources of hydrogen liberation in the high-pressure system, per- 
manent connections for sampling were established, and the in- 
stallation was completed early in 1945. The oxygen-analyzing 
block of the recorder was connected to the high-pressure feed- 
water line immediately ahead of the boiler 6 economizer. One of 
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the hydrogen-analyzing blocks receives its'sample from the same 
point. The second hydrogen-analyzing-block connection was 
made to the high-pressure superheated-steam lead of the 1800- 
psi 950 F topping turbine. 

Steam- and Water-Sampling Arrangements. General arrange- 
ments of the high-pressure steam- and feedwater-sampling con- 
nections are shown in Figs. 7 and 8. Fig. 9 is from a photograph 
of the feedwater-sampling connection immediately ahead of the 
economizer. The steam-sampling nozzle is stabilized stainless 
steel, and to avoid complexities associated with welding to the 
carbon-molybdenum steel of the adjacent outer fittings, this 
nozzle is held to seated position by a special alloy spring. The 
initial pressure of the steam sample is broken down through a 
series of eight orifices to about 100 psig. The sample is then led 
through stainless steel to cooling coils in which it is condensed 
and the temperature brought to approximately 120 F or some- 
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what higher for the hydrogen-analyzing block, and for degassing 
when a precise measure of steam conductivity is desired. 

A part of the condensed sample is cooled further, to about 100 
F, for purposes of the routine conductivity record. The high- 
pressure feedwater sample passes first over the corrosion-indicat- 
ing specimen mentioned in a current paper by Bissell, Cross, and 
White, then flows through a six-orifice stainless-steel pressure-re- 
ducing block in which the pressure is brought down to somewhat 
under 300 psig. The feedwater sample is also cooled to 120 F 
or somewhat higher, for the oxygen and hydrogen analyzing 
blocks, and parts are cooled further to 90 F, approximately, for 
conductivity and pH measurement. As in the case of the con- 
densed sample of high-pressure steam, the tubing used to convey 
the feedwater sample is of stainless steel. Intermediate and 
terminal pressure connections are provided for the series of ori- 
fices on each sampling line. 

Although used initially for checking the flow capacities of the 
orifices, the gages are part of the permanent installation to give 
warning of change in flow characteristics from accumulation of 
iron oxide in the orifices or from wear. The iron oxide present in 
the feedwater and steam, which is an important topic of another 
paper of this series,5 deposits in the orifices of the feedwater- 
sampling system, but apparently has had no effect on steam 
sampling. It has so far rather frequently proved necessary to 
clean the orifices of the feedwater system when returning the 
boiler to service after an outage. Similarly, at the end of ap- 
proximately 1 year, the steam-sample flow rate through the orifice 
series was unchanged and the water-sample flow rate had been 


5 “Special Studies of the Feedwater-Steam System of the 2000-Psi 

oiler at Somerset Station of Montaup Electric Company,” by 
W. D. Bissell, B. J. Cross, and H. E. White, published on pages 429- 
442 of this issue of the Transactions. 


increased by roughly 40 per cent. The sample cooling coils and 
analyzing elements for the group (2) recorders mounted on the 
high-pressure-turbine operating board are shown in Fig. 10. 

Records of Operation. Under current normal operating condi- 
tions, oxygen concentration recorded is ‘‘zero,” expressed in parts 
per million (ppm), and the approximately full-load concentrations 
of hydrogen are close to 2 parts per billion (ppb) in the feedwater 
at the boiler 6 economizer entrance and below 3 ppb in the super- 
heated steam as delivered to the high-pressure turbine. Other 
full-load characteristics recorded by the instruments of group (2) 
are conductivity of steam about 1.5 micromhos as sampled, vary- 
ing with the seasons, and 0.6-0.7 micromho degassed; conduc- 
tivity of chemically treated feedwater about 5 micromhos; con- 
ductivity of boiler water about 1000 micromhos; pH value of 
feedwater 8.3; and pH value of boiler water 10.3. 

To illustrate the potential value of instruments of this general 
class it has seemed advantageous to select records of important 
departure from the characteristic performance. Figs. 11, 12, 13, 
and 14 have been prepared with this in view. 

The hydrogen-and-oxygen recorder had been placed in opera- 
tion November 7, 1943. The manufacturer’s field calibration was 
undertaken within the next 10 days. On placing the instrument in 
service, the points of sampling at that time being at the econo- 
mizer outlet and the dry drum of boiler 6, recorded hydrogen 
concentrations in the saturated steam seemed high, 10 ppb to 
18 ppb at times, and showing progressive increase. 

On November 27, 1943, the boiler was taken out of service for 
low-pressure blowdown, and on December 5, 1943, for complete 
change of water and cleaning of the main drum. Eleven pounds 
of solids, approximately 45 per cent magnetic oxide of iron from 
the analysis, were removed from the drum and the boiler was 
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returned to service, attaining full rated pressure and an output of 
620,000 lb per hr shortly after 8 a.m. on Monday, December 6. 

Values shown in Fig. 11 for hydrogen in feedwater and steam 
are probably not very significant prior to 12:30 or 1:00 a.m. when 
the boiler pressure had passed above 1000 psi. Full designed 
pressure was attained shortly after 2:00 a.m. The progressive 
fall in hydrogen concentration of the saturated steam shown 
prior to about 3:30 a.m. is probably due to dilution accompany- 
ing the increasing rate of steam generation which at 3:30 was 
approximately 375,000 lb per hr. 

There had been a period of leakage in one of the condensers 
between midnight and 1:00 a.m. and this was probably, at least in 
part, responsible for the relatively high evolution of hydrogen 
in the feed system during the early morning hours. Feedwater 
make-up at the time was being drawn from the distilled-water 
storage tank and may have been not entirely free from solids 
contamination. It will be noted that instead of a fall in hydrogen 
concentration of the steam which is a usual accompaniment of an 
increase in rate of steam generation, the increase in boiler loading 
between 5:30 a.m. and 8:30 a.m. brought a small rise in hydrogen 
concentration of the steam. 

Without much further change in loading, this was followed at 
9:30 a.m. by rapid increase in rate of hydrogen evolution in the 
boiler by about 6 ppb, attaining a concentration in the saturated 
steam of 20-22 ppb at 10:00a.m. With this substantially full- 
rated-load operation continuing the balance of the day, there was 
gradual progressive increase in rate of hydrogen evolution in the 
system until at 12:25 a.m., December 7, with the hydrogen con- 
centration in the steam having reached 24 ppb, one of the roof 
tubes ruptured and the boiler was thereupon promptly taken off 
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the line. The increases in hydrogen evolution in the feedwater 
system, raising the hydrogen concentration of the feedwater to 
4 ppb at 8:00 to 8:20 p.m., and to a maximum of 4.4 ppb after 
10:00 p.m., may have been due to leakage of one of the conden- 
sers. Records are not complete for the period. 

In the light of subsequent experience it is of course perfectly 
obvious that on at least part of the boiler surface, temperatures 
had been excessive throughout the full period of operation prior to 
December 7, during which the hydrogen-and-oxygen recorder had 
been in service but at the time there was still much doubt re- 
garding the interpretation to be placed upon the indications of 
the instrument. 

As stated in the first paper of the series,‘ there have been two 
subsequent failures from overheating of furnace tubes in boiler 6. 
At the time of the first of these failures, discovered on taking the 
boiler off the line on July 16, 1944, the analyzing block for hydro- 
gen concentration in steam had been out of order for several 
days, so depriving the operators of the possibility of a warning 
indication. The circumstances of the second failure October 26, 
1945, are discussed later in the present paper under ‘‘Value and 
Limitations of Hydrogen Recorder.” 

Fig. 12 was prepared primarily to show by means of 6-hr aver- 
ages immediate and cumulative effects of continued tube leakage 
in a service water heater. It will be noted, however, that the 
records show other features of interest. The steam condensed in 
the service heater was returned at intervals to the boiler-feed 
system by a trap. The water being heated was from the same 
surface supply from which water for the boiler-feed make-up 
evaporators is taken and is very low in dissolved inorganic 
solids but carries small and somewhat varying proportions oi 
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carbon dioxide and ammonia. Instantaneous effects of the opera- 
tion of the trap during the height of the heater leakage are shown 
in some detail in Fig. 13. 

Apparently the service-heater leakage on August 29, 1945, was 
comparatively slight and the irregularities in feedwater character- 
istics were not immediately sufficient to attract the attention of 
the operators. However, after the swings in feedwater conduc- 
tivity became noticeable, it was some time before the source of 
contamination could be identified, on the evening of September 3, 
and then it was not found feasible to take the heater out of serv- 
ice for repair until September 5. 

The rise in average feedwater conductivity over the period of 
September 1 to September 3, inclusive, is probably all to be ac- 
counted for as a reflection of the week-end and Labor Day holi- 
day sagin load. The sag in feedwater pH average over the same 
period is believed similarly accountable as due to decrease and 
absence of low-pressure-boiler blow-down recirculation. 

On the other hand, it seems that the high-pressure superheated- 
steam hydrogen concentration may be reflecting the effects of 
feedwater contamination to some extent and, on September 2 and 
3, was also influenced by the low feedwater pH occurring on those 
days. As to be inferred from Fig. 13, the gas content of the raw 
Water entering the system through the leaking heater causes in- 
crease in'the conductivity of the superheated steam. The main 
cause of the higher-than-usual average conductivity of the steam 
was probably a high proportion of make-up coupled with sea- 
sonal increase in gas content of the raw make-up water. 

On August 30 and on August 31 the effects of the service- 
heater tube leakage were augmented by main-condenser-tube 
leakage. Shortly after 8:00 a.m. on August 30 leakage of one of 
. the surface condensers caused a brief rise in high-pressure-boiler 
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feedwater conductivity from about 5 micromhos to 22 micromhos. 
The leakage was rather promptly corrected. The effect on pH 
value of feedwater was recorded by coincident drop from pH 8.6 
to pH 8.1. Any effect on the rate of hydrogen evolution in either 
boiler-feed system or high-pressure boiler was masked by the test 
on the instrument begun shortly thereafter. 

At about 8:20 a.m. on August 31 a severe lightning storm took 
out transmission lines which caused an abrupt drop in boiler 
load equivalent to about 275,000 Ib steam generation per hr. 
The resulting temperature stresses in the condensers caused tube- 
joint leakage which was reflected in rise of feedwater conductivity 
from 5-6 micromhos to over 10 micromhos, drop in feedwater 
pH value from pH 8.6 to pH 8.2, and rise in hydrogen con- 
centration in the superheated steam from 2.7 ppb to 3.5 ppb, the 
last mentioned being doubtless in part a simple reflection of loss 
of load. At the same time apparently the abrupt temperature 
change in the boiler-furnace tubes was sufficient to cause some 
release of “hide-out” alkalinity, as reflected by the abrupt rise 
in pH value of boiler water from around pH 10.35 to pH 10.9. 

The initial stoppage of the condenser leakage was only tem- 
porary, and further leakage was registered about 10:30 a.m. 
which caused an abrupt and very brief increase in feedwater con- 
ductivity from about 6 micromhos to 20.5 micromhos with ac- 
companying drop in pH value of boiler feedwater from pH 8.6 to 
pH 8.15 and somewhat marked increase in rate of hydrogen 
evolution in the high-pressure boiler, raising the concentration in 
the superheated steam from about 3 ppb to 4.4 ppb. The loss of 
load and leakage of condensers were both accompanied by oxygen 
contamination of the boiler feedwater. Whether this was due to 
unbalance of steam supply to the deaerators at the time is un- 
certain. There was further appearance of dissolved oxygen in 
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the feedwater on September 2 which is mentioned in the follow- 
ing discussion of Fig. 13. 

Eight hours of chart records for Sunday loading on September 
2 have been plotted at the left in Fig. 13 to show more clearly 
the response of the high-pressure-boiler feedwater steam system to 
the leakage in the service heater. As to be expected, the effects of 
the discharge of the heater drain trap are most acutely reflected 
in the conductivity and pH value of the boiler feedwater. The 
intermittent contamination, probably chiefly from the gaseous 
content, also appears in the conductivity of the superheated 
steam. The rate of hydrogen evolution in the boiler-feedwater 
system seems not to have been influenced, continuing practically 
constant at around 2.2 ppb as measured at the entrance to the 
boiler 6 economizer. The effect on hydrogen evolution in the 
boiler is, however, only slightly less noticeable than that on boiler- 
feedwater conductivity and pH value. It will be noted that in 
their general trend, the values for conductivity of superheated 
steam and boiler feedwater, the pH value of boiler feedwater, and 
the hydrogen evolution in the boiler are all responsive to the rate 
of steam generation. 

The appearance of dissolved oxygen in the boiler feedwater 
beginning about 5:40 p.m. and reaching a value of about 0.2 ppm 
at 6:00 p.m., may have been due either to unbalance of steam 
supply to the deaerators resulting from the accompanying in- 
crease in boiler load or to admission of air-contaminated water in 
preparing one of the boiler feed pumps for return to service, ac- 
tually put on the line about 6:50 p.m. 

The graphs at the right in Fig. 13, for 12 hours of the morning 
of September 21, are intended primarily to show the recording of 
an instance of severe condenser leakage occurring shortly before 
4 a.m., and so further illustrating the sensitivity of the feedwater 
line and boiler system to corrosive and otherwise adversely reac- 
tive constituents in the feedwater. The trends of the several 
values also reflect effects of change in rate of steam generation. 
Boiler 6 was carrying the entire station load up to 7:15 a.m. 

The relatively high conductivity shown by the boiler feedwater 
prior to the development of the condenser leakage was probably 
the result of continuing the chemical-feed delivery at the aver- 
age rate which had been adjusted for the higher load conditions 
of the previous day. The condenser leakage brought a rather 
abrupt rise in feedwater conductivity from about 8.5 micromhos 
to 12.5 micromhos and was effectively checked about one-half 
hour later, as will be noted from the rapid fall in feedwater con- 
ductivity to a value governed essentially by the rate of feedwater 
flow. 

.The conductivity of the superheated steam responded in a 
brief fall of about 0.1 micromhos, suggesting either a fixation of a 
part of the ammonia or carbon dioxide by dissolved solids of the 
contaminating harbor water or stabilizing effects of the chloride 
content of the harbor water. The pH value of the boiler feed- 
water dropped substantially simultaneously with the increase 
in conductivity. The recovery of pH value was more gradual. 
The trend of the dissolved-hydrogen values recorded for the 
boiler feedwater would suggest a somewhat delayed response. 
The response in rate of hydrogen evolution in the boiler, however, 
was quite marked and prolonged, the increase in concentration 
in the superheated steam being approximately 3.4 ppb, requiring 
a full 4 hours for recovery. 

An item, possibly of interest in connection with the detection 
of condenser leakage, was met in the early investigation of poten- 
tial sources of contamination which would affect the operation of 
boiler 6 when it was found that salt in considerable quantity 
could be added at the condenser hot well without effect upon the 
recorded condensate conductivity although appropriately in- 

creasing the feedwater conductivity. The hot-well conductivity 
cells drew their sample from the top of the condensate line ahead 
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of the hot-well pump. Dispersion in the condensate line evidently 
was not sufficiently rapid. 

Fig. 14 shows recorded effects associated with taking one of the 
station deaerators out of service, and its return, on Sunday, 
October 7, 1945. The graphs give a 15-hr record. It seems prob- 
able that with the light loading of the early morning, there were 
sufficient differences in deaerator pressures to cause fluctuations in 
chemical-feed distribution between the two deaerators, resulting 
in the fluctuations in feedwater conductivity and pH noticeable 
between 6:00 a.m. and 8:00a.m. Around 8:30 a.m. steps were 
taken to cut deaerator No. 1 out of service. The chemical feed 
to that deaerator was not immediately shut off. With the fall- 
ing pressure in the first deaerator, chemical feed to the other 
deaerator was automatically discontinued. 

The absence of chemical feed caused immediate drop in con- 
ductivity of feedwater from about 8.0 to 3.5 micromhos, accom- 
panied by a drop in pH value of feedwater of about 0.3. On 
returning the deaerator to service shortly after 6:30 p.m., the 
abrupt delivery to the feed line of the chemical solution earlier 
accumulated in the deaerator brought a brief increase in feed- 


‘water conductivity from a value of approximately 6 micromhos 


to somewhat over 20 micromhos, with an accompanying increase 
in feedwater pH value from about pH 7.8 to pH 8.25. The water 
first delivered to the feed system from the deaerator returned to 
service also contained sufficient dissolved oxygen to cause the 
high-pressure-boiler feedwater to register concentration in eX- 
cess of 3 ppm, and dissolved oxygen in considerable concentra- 
tion was not entirely out of the high-pressure-boiler-feed system 
until more than 1 hour later. 

Apparently a part of the oxygen in the feed system was con- 
sumed in reaction with the hydrogen evolved in that system. 
The rate of hydrogen evolution in the boiler shows increase 4S 
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an effect of the sudden introduction of the chemical charge but 
the hydrogen in the feedwater fell appreciably. A correspond- 
ing effect on the hydrogen concentration in the boiler feedwater, 
but of lesser magnitude, is noticeable when the deaerator was 
taken out of service, although the recorded rise in dissolved- 
oxygen content at that time was exceedingly brief and reached a 
maximum of only about 2 ppm. It would seem likely that in 
this latter instance the effect on rate of hydrogen evolution re- 
corded for the feedwater system was due more to the marked de- 
crease in feedwater conductivity without great loss in pH value 
than to reaction of evolved hydrogen with oxygen. 

Value and Limitations of Hydrogen Recorder. It had of course 
been recognized that hydrogen evolved in the feedwater system 
or boiler might combine to some extent with oxygen where found 
dissolved in the water in contact with the metal surface. A con- 
tingency overlooked was that an oxide of copper might function 
in the system as a source of oxygen. The practical importance 
of chemical action of that sort was brought strongly to attention 
by the October 26, 1945, furnace-tube failures taking place with- 
out marked increase in recorded rate of hydrogen evolution in the 
boiler. 

One of the low-pressure-turbine stage heaters, temporarily 
operated as an evaporator condenser with feedwater entering at 
215-218 F and condensing vapor of about 16 psig pressure, corre- 
sponding to about 250 F, had been returned to this vapor-con- 
densing service October 10, in the midst of the season of maximum 
organic contamination of the evaporator water supply and imme- 
diately following installation of 468 new tubes of Admiralty alloy. 
Apparently the copper carried into the feedwater system in oxi- 
dized form from the corrosion of the new Admiralty alloy tubes 
was sufficient to cause practically complete disposal of the hy- 
drogen evolved from the overheating of the boiler tubes. Al- 
though the boiler had been in operation less than 6 weeks follow- 
ing an inspection when the drum had been cleaned, considerably 
in excess of the quantity of metallic sludge to be expected from 6 
months of operation was found to have accumulated in this brief 
period, and the sludge was approximately two-thirds copper, 
which is one and one-half times the maximum proportion of that 
metal previously found. 

A factor which will be recognized as commonly responsible for 
hydrogen concentrations out of step with temperature or other 
corrosive influences normally to be associated with concurrent 
operation is the abnormally high chemical activity of the metal 
surface following an acid-cleaning of the boiler. The rate of hy- 
drogen evolution which occurs during the first few weeks of opera- 
tion of an acid-cleaned boiler may be so high as to mask any in- 
crease in rate of hydrogen evolution which might result in the 
boiler from other than extreme contamination or actual over- 
heating. 

Notwithstanding such interfering factors as mentioned, hydro- 
gen evolution in a boiler gives the best known indication of corro- 
sion or solution of the boiler metal and the measurement of the 

rate of this evolution affords the only feasible basis for judging 
the extent of corrosion taking place while the boiler is in operation. 
Means for minimizing the effects of interfering factors are being 
studied. 


CONCLUSIONS 


It will be obvious from the experience in operation of boiler 6 
that on modern steam-generating equipment, instruments ap- 
propriate to the requirements, especially recording instruments, 
can be not merely informative but of tremendous instructive 
value and sources of heightened interest in operating personnel. 
The importance and the potentialities of such instruments doubt- 
less increase with the degree of operating efficiency which it is 
desired to maintain, and for a base-load unit of the capacity and 
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type of boiler 6, become essential. To fulfill their potentialities, 
in fact to avoid real hazard from their presence, the instruments 
must be rugged by the station environment standard rather than 
by that of the laboratory and must be followed with definitely 
scheduled routine inspection, calibration, and maintenance of 
frequency and thoroughness that will assure precision of indica- 
tion within acceptable limits at all times. 

Comment on the importance of control-equipment mainte- 
nance is given earlier in the paper, and should not need repetition. 
High standard of upkeep in instruments is hardly less vital and, 
from the point of view of subsequent analysis of operating events, 
dependable instrument charts can contribute invaluably to the 
continuity of informative records. 
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Discussion 


W. W. Cerna.’ The authors have gone to considerable pains 
to present complete descriptions and operating experiences of 
useful instrumentation and control equipment applied to the 
operation of a high-pressure high-capacity boiler. These de- 
scriptions and operating experiences cover not only completely 
automatically operating and control equipment, but also indi- 
cating and recording equipment to enable the operators to have 
constant knowledge of conditions, and thus provide for ready 
manual adjustments when the need is indicated. 

The authors refer to the log of operations maintained and 
hourly simple control tests conducted by the high-pressure- 
turbine operator, in connection with chemical feed, blowdown, 
etc., for the No. 6 boiler. It has been of particular interest and 
satisfaction to note that a few minutes spent each hour on these 
readings and control, plus the daily complete check and establish- 
ment of the expected chemical-feed requirements for the next 24 
hours by the chemical laboratory, have resulted in boiler-water 
conditions of unusual uniformity. Thisis of particular significance 
when one considers the fact that the Somerset Station is a tide- 
water plant, using salt water for condenser cooling. The sig- 
nificance of “close control’”’ of boiler-water conditions at this plant 
will be particularly apparent by referring to the control ranges 
of various chemicals and salts maintained in the No. 6 boiler 
water, as given in another paper of this Montaup series by Scott 
and the writer.’ 

In discussing both the value and limitation of the hydrogen 
recorder, the authors also point out that copper oxidé in the water 


6 Hall Laboratories, Inc., Pittsburgh, Pa. 

7“Water Conditioning for the 2000-Psi Boiler at the Somerset 
Station of Montaup Electric Company,” by W. W. Cerna and 
R. K. Scott, published on pages 443-451 of this issue of the Trans- 
actions. 
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system might serve as a means of combining with hydrogen to 
prevent the indication of hydrogen formation. That this mecha- 
nism can and does occur has been confirmed by some laboratory 
work carried out by Messrs. Kaufman and Trautman of our re- 
search department. The tests were conducted in laboratory 
bombs. One test, using a synthetic but highly concentrated 
boiler water with considerable alkali present to insure the forma- 
tion of hydrogen at the test temperature, showed, as expected, 
considerable hydrogen formation. In another test synthetic 
boiler water of the same composition was used to which some solid 
copper oxide was added. The test conditions were repeated, with 
the result that very little free hydrogen was found and considera- 
ble of the copper oxide had been reduced to metallic copper. 
Under similar boiler conditions copper salts or compounds 

would be effective in preventing hydrogen indication and record- 
ing by the recording instrument, as illustrated by the following 
reactions: 

CuO + H, —> Cu + H.O 

CueCl, + H. + 2KOH — 2Cu + 2KCI + 2H.0 


R. R. Donaupson.2 Automatic combustion control, which 
started out as a convenient accessory for holding constant steam 
pressure, today has virtually the status of an integral part of the 
boiler plant. It is depended upon to perform the twin functions 
of regulating the operation of the boiler so as to satisfy the load 
demands in a desired manner and of automatically maintaining 
optimum controlled fuel-air ratios. 

In accomplishing the latter function, that of production of 
proper fuel-air ratios, the ability to measure fuel input and air 
input is paramount in the present state of the art. It is fair to 
state that for the present, the production of desired fuel-air ratios 
by flow proportioning of fuel Btu and air represents the most 
advanced engineering solution. While someday we may reason- 
ably expect to have gas-analyzing apparatus which is rapid and 
dependable enough to be used for automatic control of combus- 
tion, we have not yet reached that point. 

The authors found that it was necessary to do considerable ex- 
perimental work on their boiler before a satisfactory location for 
measurement of products of combustion or air flow could be ob- 
tained. Their final use of the Ljungstrém preheater drop gave 
them a satisfactory solution for this installation. 

The difficulties encountered in measurement of air flow for 
boiler control are not unique with Montaup. There are many 
installations where perfection of results is limited chiefly by 
ability to measure air flow satisfactorily. 

Admittedly, the problem of metering the products of combus- 
tion or the air supply to a large steam-generating unit is far more 
difficult than the ordinary metering of fluid flows. If, however, 
in the inception of every new steam-generating installation, the 
purchaser and the manufacturer of the equipment would spotlight 
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this feature of the boiler design, there is no doubt that better op- 
erating installations from the standpoint of maintained furnace 
efficiencies would result. 

The present paper will serve as a stimulus and spearhead to a 
concerted program for investigating and improving the meter- 
ing characteristics of modern steam-generating equipment. 


AutnHors’ CLOSURE 


Mr. Cerna has contributed valuably in presenting results from 
bomb tests conducted by Hall Laboratories, Incorporated, in 
studying the possibilities of reduction of copper oxide in high- 
pressure boiler water by hydrogen evolved from the boiler metal. 
Through the courtesy of the Laboratories we learn that similar 
tests more recently conducted in continuing their investigation 
have demonstrated that, by increasing the proportion of copper 
oxide added to the bomb solution, actual evolution of hydrogen 
may be practically prevented and that the same general effects 
are observed to occur in the bomb at the temperature with which 
we are concerned whether or not alkali other than from the boiler 
metal is present. 

Mr. Finnegan’s pressing emphasis® on the need for more funda- 
mental work on the pure chemistry of the water-metal systems, 
especially throughout the high-temperature range, is very grati- 
fying. Lack of fundamental information on the reactions of both 
iron and copper in the range of temperature and other environ- 
mental conditions met in the feedwater-boiler water-steam cir- 
cuits of the high-pressure unit has been a serious handicap 
throughout the operation of boiler 6 to date. 

Mr. Donaldson underscores very aptly the present necessity 
for dependable, instantaneous, mechanical evaluation of com- 
bustion air-flow from the standpoint of the control-equipment 
designer and manufacturer. The authors concur fully that pro- 
visions for evaluation for air-flow rate should be made one of the 
elementary considerations in design of the modern fuel-burning 
steam-generating unit. 

The improvement work on the flue-gas oxygen-recording equip- 
ment and on the boiler-feed-pump flow recirculating valves, 
mentioned in the paper as to be undertaken, is going ahead prom- 
isingly but has not in either case progressed sufficiently to war- 
rant further comment now. The installation of the boiler-cir- 
culating-pump pressure differential recorder also is not yet com- 
plete. In-regard to the last-mentioned equipment however, such 
brief preliminary observations as have been made have brouglit 
to attention valuable data on pressure conditions during periods 
of boiler start-up and shutdown which would not otherwise 
have been noted and present impressions are that the information 
made available by the graphic record will prove even more useful 

than initially contemplated. 


® “Special Studies of the Feedwater-Steam System of the 2000-Psi 
Boiler at Somerset Station of Montaup Electric Company,” by 
W. D. Bissell, B. ‘J. Cross, and H. E. White. See discussion by 
T. J. Finnegan, pages 441 and 442 of this issue of Transactions. 
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As part of the program of research for Bituminous Coal 
Research, Inc., means by which the performance of coal- 
fired steam locomotives can be improved are being inves- 
tigated. Because of the importance of the method and of 
the rate of supply of air in any combustion process, an 
analysis has been made of the factors that govern the sup- 
ply of air to the locomotive by its unique method of dis- 
charge of the exhaust steam to the stack through the front- 
end nozzle. The analysis shows that for any given 
front-end arrangement and locomotive, there is a definite 
upper limit of output of the locomotive at which the 
weight of air supplied will equal that required for the fuel 
burned. A similar but lower limit applies on the basis of 
fuel fired. Below these limits the percentage of excess 
air will increase with decreasing output of the locomotive; 
above the limits there will be a deficiency of air. The 
position of the limits is determined by the performance 
characteristics of the engine, of the boiler, and of the 
front-end arrangement. A program of research is out- 
lined which is aimed to supply information (a) on the de- 
sign of front ends for maximum combustion efficiency 
through proper excess air and minimum carry-over of 
cinders, and for maximum power output through reduc- 
tion in back pressure on the cylinders, and (6) on the 
merits of overfire air in improving combustion efficiency 
through reduction in carry-over of cinders. 


HE method of supplying air to steam locomotives is unique. 
‘o— the stationary boiler plant has a high stack or, 

more commonly, fans to provide the pressure difference 
necessary to force the air through the fuel bed and the combus- 
tion gases over the heat-absorbing surfaces of the boiler, the steam 
locomotive has only a short stack that barely projects above the 
boiler shell. The pressure difference, usually called draft, is pro- 
vided by discharging the steam exhausted from the cylinders 
through a nozzle at the base of the stack. 

Furthermore, whereas the stationary boiler is equipped with 
dampers or other means by which the rate of air supply can be 
closely adjusted to the requirements of the load or of the fuel, the 
locomotive has, practically without exception, no independent 
control of the air supply. As the output of the engine increases, 
the amount of steam admitted to and exhausted from the engine 
increases, and the rate of supply of air for combustion of the 
fuel increases, 

This simple method of supplying the air also serves to a con- 
siderable degree to decrease the objectionable noise of the ex- 
haust steam. It was for this purpose that Trevithick and Steph- 
enson, to whom first use of the method is variously credited, 
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originally turned the exhaust steam into the stack. However, 
although the steam must be exhausted from the engines, the 
movement of air in this way is, obviously, not without expenditure 
of energy. The increase in back pressure on the cylinders, necessi- 
tated by the restriction of the nozzle, materially decreases the 
horsepower output of the locomotive. 

This paper analyzes the available data on the performance of 
the air-supply system of locomotives to determine its relation 
to the efficiency of combustion and to that of the engine at various 
power outputs. The particular purpose is to determine what in- 
formation on the problem of air supply is lacking that might be 
obtained by research, that the performance of coal-fired locomo- 
tives may be improved. 

Previous WorK 

Few parts of the locomotive lend themselves to such ease of 
trials of changes as the exhaust nozzle and its arrangement with 
relation to the stack. Hence much cut-and-try work has gone 
on and has been reported in the literature. The International 
Railway Fuel Association and its successor, the Railway Fuel 
and Traveling Engineers Association, have long had a Standing 
Committee on Front Ends, Grates and Ash Pans, and the com- 
mittee has, with few exceptions, had an annual report. No at- 
tempt will be made here to review completely these many re- 
ports. 

One of the most thorough discussions of exhaust arrangements 
is that of Chapelon (1)* in his book on the steam locomotive, 
but this has not been generally available in this country. Mac- 
Farland (2) presented a discussion principally directed to a dem- 
onstration of the power loss through high back pressures be- 
cause of restricted nozzles and made a plea for induced-draft 
fans. Jackson (3) recently gave a review of the problem of draft- 
ing locomotives with a discussion of the attempts at variable- 
exhaust nozzles. 

Young (4) has presented a complete analysis of the early work 
on the drafting problem as an introduction to the report of his 
exhaustive experimental investigation of the performance of 
various types of nozzles. His work was done on a one-fourth- 
scale model of a locomotive. 

Fry (25) has recently shown that the performance of the front 
end affects the efficiency of combustion and sets the maximum 
output of the locomotive. 


METHODS FOR EVALUATION OF ExHAUST ARRANGEMENTS 


Despite the long use of the steam nozzle to move air and gases 
in the locomotive and its extended use in other applications as the 
boiler-feedwater injector, the steam-jet ejector for air-condi- 
tioning systems, and the steam jet for blowing air in overfire-air 
applications, the action of the nozzle is not wholly understood. 
The ability of the jet to entrain and to move air is apparently 
a function not only of the kinetic energy of the steam, but is also 
related to the exposed surface of the steam. Because of the im- 
portance of the latter factor the steam is often divided into 
multiple streams as in the pepperbox nozzle, or the surface is in- 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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creased by a star-shaped section, or by bridges. It is interesting 
to note, however, that Young (4) found, as a result of his tests, 
a difference from the worst to the best no greater than 12 per 
cent in the performance of various nozzles as expressed by the 
ratio of the weight of air moved to the weight of steam exhausted 
through the nozzle. 

Because of the obvious necessity of high differences of pressure, 
or draft to move the gases through the restricted area of the long 
fire tubes of the locomotive boiler, and also the obvious unde- 
sirability of high back pressures on the engine cylinders, the 
number of inches of water draft in the front end per pound of 
back pressure has long been used as the criterion of the perform- 
ance of front-end arrangements. Although this may apply for 
a given locomotive of fixed resistance to flow, an attempt to ap- 
ply such a criterion to locomotives of different design and size is 
obviously in error. It is as incorrect as it would be to rate the 
capacity of fans by the static pressure that they develop, or to 
express the capacity of boilers by the pressure at which they oper- 
ate. 

Young (4, 5) clearly recognized that the value of a front-end 
arrangement should be measured by its ability to move air; 
this could not be measured by draft alone. In a discussion (6) of 
the paper by Jackson, he has made a good statement of the prob- 
lem as follows: 

“The actual problem of front-end design is to produce an ar- 
rangement which will pull an optimum weight of air through the 
fire for each pound of steam generated and discharged, maintain- 
ing at the same time, three mechanical conditions: 1 Minimum 
back pressure, 2 clearing the smokebox, and 3 lifting the 
smoke above the train. The greatest difficulties lie in the mutual 
incompatibility of these mechanical requirements.” 


Factors AFFECTING THE PERFORMANCE OF FRONT ENDS 


Engdahl and Holton (7) in an investigation of steam-air jets 
for supplying overfire air have shown that with air tubes whose 
area is large relative to the area of the steam nozzle, ratios of 
the order of 200 to 500, as much as 15 to 20 lb of air could be 
moved per lb of steam used. They found, as others have shown, 
that the entrainment ratio increases as the steam pressure de- 
creases and as the ratio of the area of the air tube to that of the 
steam nozzle increases. As they were interested in the jets as 
blowers to move air at high velocities against small differences 
in pressure, they did not investigate the effect of resistance to 
flow, but this should, obviously, affect the performance of jets. 
The temperature of the gases moved should also be important. 

Effect of Steam Pressure at Nozzle. As the output of a locomo- 
tive increases, the weight of steam used and exhausted from the 
cylinders through the nozzle increases. The back pressure at 
the nozzle increases approximately as the square of the weight of 
steam discharged. Hence the range of back pressures at the 
nozzle is large. 

Fig. 1 shows the variation of the entrainment ratio, the ratio 
of weight of gases to weight of steam, with back pressure for a 
typical locomotive. As expected, the air-steam ratio decreases 
with increase in back pressure. The ratio is much lower than 
those quoted from the work of Engdahl and Holton (7) on over- 
fire-air jets because, as will be shown later, of the difference in 
area ratios of stack to nozzle, and because of the resistance to the 
flow of gases. 

Effect of Ratio of Areas of Stack and Nozzle. As previously 
noted, almost every steam locomotive has been the subject of 
experiments on the exhaust nozzle and front-end arrangements 
and thus has had the ratio of the area of the stack to the nozzle 
changed. In these experiments, however, facilities have not 
been available to measure the air flow as well as the steam flow. 
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For data on the effect of this variable the work of Young (4) is 
used. 

Fig. 2 shows the relation derived from Young’s data of the en- 
trainment ratio to the ratio of areas of stack and nozzle. As his 
data were obtained on a quarter-scale model, the original data 
have been corrected by the factors that he derived from principles 
of similarity. The pressures and dimensions are multiplied by 4, 
the reciprocal of the scale of the model, and weights of air and 
steam by 45/2 or 32. 

The curves show the increase of the entrainment ratio as the 
ratio of the area of stack to that of the nozzle increases. Curves 
for two steam pressures, 8 and 32 psig, are included. Again, the 
reduction of the entrainment ratio with increase in pressure is 
shown. 

Effect of Resistance Against Which Gas Is Moved. A third fac- 
tor which governs the performance of a locomotive front end is 
the resistance against which the gases must be moved. The re- 
sistance is determined by the path of the gases in the front end, 
the area and length of the tubes and flues of the boiler, the area 
of the throat back of the arch, the thickness of the fuel bed, the 
area of the air openings in the grate, and of the air openings into 
the ashpan, 
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The data in Fig. 2, as were most of the data presented by Young 
(4, 5), were taken with a fixed resistance made up of that of the 
locomotive model and an orifice of fixed area. The resistance was 
so chosen by Young as to simulate that of a full-scale locomotive. 

Fig. 3 presents data obtained by Young in a series of tests in 
which the area of the orifice in the system was changed to vary 
the resistance. The solid portion of the curves covers the range 
of data given by Young; the dashed portion was drawn from 
data taken at Battelle on a '/,-seale model. Each curve repre- 
sents one constant steam pressure on the nozzle, 


200 

3 

r ~ 
~~~ 20 psig Steom Pressure 
120 
3 80 k= 8 
™ 
40 rot 
~ 

re) — 
1@) 4 8 12 16 20 24 
DRAFT IN FRONT END, INCHES 
Fig. 3) Revation or Frow To Drart Front TO 


STEAM PRESSURE 


(Ratio of area of stack to nozzle, 11.1. Data from Young (4) corrected for 
size ratio.) 


The curves in Fig. 3 show the way in which the rate of air flow 
decreases as the resistance, as indicated by the draft, increases. 
This figure demonstrates clearly the inadequacy of the draft as a 
criterion of the performance of front ends. By increase of resist- 
ance the draft obtained with a given nozzle and steam pressure 
can be increased, but the air supplied, which is the true meas- 
ure of the performance, decreases. 

Concept of Resistance to Gas Flow. In consideration of the 
flow of electricity, we have a concept of three definite measures; 
current, voltage, and resistance, and the familiar relation that 

Voltage drop 
Current = —— 
Resistance 

In the flow of fluids we have, corresponding to current, the 
volume or weight of the fluid, and to voltage, the pressure drop, 
but no term for resistance is in common use, As a result the 
pressure against which the pump, fan, or ejector moves the fluid is 
often used as a measure of the resistance. In locomotives the 
pressure is less than atmospheric and is termed draft. 

Unfortunately, also, the term draft is often confusedly used 
not only as a measure of pressure drop and resistance, but also of 
rate of flow of gas as well; that is, a high draft is often assumed 
to be synonymous with a high rate of flow of gas. As just shown in 
Fig. 3, this is far from necessarily true. 

The general relation of the rate of flow of gases to the pressure 
difference in turbulent flow is 


Wa=K Vd 
where 


Wa = rate of flow in pounds per hour 
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K = constant coefficient involving a number of physical 
factors in the system of flow 
d =pressure difference or draft in inches of water 


Legein (8) introduced the conception of a factor of tempera- 
ment, 7’, in his studies of locomotive drafting, and Chapelon (1) 
and Young (5) have also used it, but otherwise it has not been 
used in this country. The temperament is equivalent to the 
constant coefficient K in the foregoing equation. Thus we have 


Wa =T Vd 


Compared with the flow of electricity, the temperament 7’ corre- 
sponds to the conductivity. 
The reciprocal of the conductivity can, however, be as conven- 
jently used, and we have 
Vad 


W. 

Wa 


This expression considers both the pressure difference or draft 
and the rate of flow of gas and thus permits proper comparison of 
different locomotives or parts of the gas-flow system of a given 
locomotive. 

Fig. 4 presents Young’s data used for Fig. 3 in which the ratios 
of weights of air and steam are plotted against the resistances 
to flow. The curves show a sharp decrease in the entrainment 
ratio with an increase in the resistance. The curves emphasize 
again the impossibility of accurate comparison of the perform- 
ance of front ends of locomotives without consideration of the 
resistance of the gas-flow system. 
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Effect of Temperature of Gas. The data of Young that have 
been used are for the movement of air at atmospheric tempera- 
tures, for which most of his tests were run. He did, however, 
investigate the effect of temperature, and Fig. 5 shows the rela- 
tion that he found. The reduction in the entrainment ratio was as 
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great as 25 per cent for gas at 600 F as compared to gas at room 
temperature, 

The percentage reduction in entrainment ratio by increase in 
the flue-gas temperature increased as the rate of flow of gases in- 
creased, Hence it may be concluded that the effect of tempera- 
ture in full-scale locomotives would probably be greater than 
found by Young. His model did not include a boiler, although 
it did have flues, and thus the temperature gradient in the gases 
was obviously lower than in a locomotive. 

Summary of Factors Affecting Front-End Performance. The 
data that have been presented show that all four factors, steam 
pressure, ratio of area of stack to nozzle, resistance of the gas- 
flow system, and the flue-gas temperature are of major impor- 
tance in determining the performance of the locomotive front end. 
Other factors, as the distance between the nozzle and base of 
stack, and length and taper of stack, also affect the performance 
but are of less importance. The data also show that it should be 
possible to predict the performance of a front end and to eliminate 
the cut-and-try methods that have been so largely used. 

That Young’s data are applicable to full-scale locomotives may 
not be apparent at once. Fig. 1 showed entrainment ratios of the 
order of 1.25 to 2, while the figures prepared from the model tests 
showed entrainment ratios of the order of 2 to 3. However, we 
note in Fig. 2 that the entrainment ratio for a steam pressure of 
32 psig and astack- to nozzle-area ratio of 6.2, which is that of the 
locomotive in Fig. 1, is slightly less than 2. If we apply that point 
to Fig. 4 at the resistance ratio of about 3 X 1075, the resistance 
for the locomotive of Fig. 1, an entrainment ratio of the order of 
1.5, or within the range of Fig. 1 will result, even without correc- 
tion for temperature. 

Hence Young’s data provide an excellent basis for the develop- 
ment of basic design data for front ends. They require supple- 
mentary and confirming tests on full-scale locomotives where 
care is taken to obtain accurately the weight of gases moved. 
More data are also required on the resistance of the gas-flow 
system in locomotives. This, again, requires accurate informa- 
tion on the weight of gas moved. 


RELATION OF FRONT-END PERFORMANCE TO AIR-FUEL Ratio 


Now that we have established the general effect of the several 
pertinent factors on the amount of gas moved by the front end, let 
us examine how it satisfies the air requirements of a locomotive 
at various power outputs. 

Fig. 6 presents six plots that develop the relation for a typical 
locomotive between the requirements and the supply of air. 
Plot (A) shows the relation between the hourly steam output of 
the boiler and the locomotive output in drawbar horsepower. 
This is a straight-line relation because the cylinder efficiency 
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and the mechanical eficiency were practically constant over the 
range of outputs. 

Plot (B) shows the relation between the heat-liberation require- 
ments expressed in pounds of coal per hour and the steam output, 
This is essentially a straight line as the efficiency of heat absorp- 
tion is practically constant. Note that this is the heat liberated 
from the coal burned and not the coal fired. As is well known 
and as will be discussed later, there is a large loss of heating 
value of the coal fired at high rates because of the solid combusti- 
ble matter that passes out of the firebox unburned. Com- 
bustible matter that does not burn dees not use air and is thus 
not here considered. 

Plot (C) shows the relation of the weight of air required per 
hour to the coal burned. As a definite weight of air is required 
per pound of coal, this relation, too, is obviously a straight line. 
Plot (D) shows the relation between the entrainment ratio, 
weight of air per pound of steam, and the output of steam. Be- 
cause the back pressure on the cylinders increases as the rate o! 
steam output increases, and because the entrainment ratio de- 
creases With increase of pressure, we have the relation shown. 

Plot (E) shows the relation of the air requirements and the au 
supplied to the drawbar-horsepower output of the locomotive 
Combining relations shown in plots (A), (B), and (C) gives us the 
curve of air required, which is a straight line. Combining (A. 
(B), and (1)) gives us the curve of air supplied. The nozzle in 
this particular locomotive gave such entrainment ratios that the 
rate of air supply first increased at a faster rate than the rate o! 
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air requirements but, because of the decrease of the entrainment 
rate with increase in back pressure, the rate of increase dropped 
off at high power outputs. 

Combustion of any fuel requires a certain amount of excess 
air, either to avoid losses in unburned gaseous combustible matter, 
or to avoid excessively high temperatures. This excess, for good 
efficiency in heat transfer, should be at a minimum. Whether 
the excess should be constant over the range of rates of operation, 
or whether it should increase or decrease with the rate cannot be 
definitely and generally answered; it depends upon the design 
of the combustion device. 

However, it can be stated with assurance that the amount of 
air supplied should never be less than required. If it were, al- 
though by firing more fuel, the output of the boiler and engine 
would continue to increase, the unburned combustible losses would 
become excessive, and the over-all efficiency would be low. 

Plot (F) in Fig. 6 shows the relation of the excess air as calcu- 
lated from the curves of air required and air supplied in plot (E). 
It can be seen that the percentage excess was rapidly decreasing; 
if the locomotive had been carried to higher outputs there would 
have been an actual deficiency of air. 

If the front end of the locomotive had been so designed as to 
follow exactly the air requirements at low outputs the drooping 
characteristics of the air-supplied curve would have resulted in a 
deficiency of air at a much lower power output. 

The dashed curve in plot (E) shows the correct characteristic 
for a constant excess of 20 per cent for this locomotive. 

Calculations of Conditions for Equilibrium of Requirements and 
Supply of Air. The relations established by curves as in Fig. 6 
can also be worked out by simple mathematical relations. The 
following expressions give the relations between the weights of 
air supplied and required: 


Locomotive Boiler 
Performance || Performance 


Dhp Dhp Lb steam Lb coal ; 
Locomotive Nozzle 
Performance || Performance 
Lb air supplied Lb steam Lb air entrained [2] 
Dhp Dhp Lb steam = 
But in Equation [1] 
Btu 
Lb coal Lb steam a 
Lb steam Btu absorbed x“ Btu 
Btu liberated ~~ Lb coal 
Btu Btu liberated Lb coal [3] 
Lb steam Btu absorbed Btu 
and 
Lb coal Btu Lb coal 


It is well established, although not so widely recognized as it 
should be, that the weight of air required per Btu is practically 
constant for solid, liquid, and most gaseous fuels. The value is 


a lb of air per 10,000 Btu or 7.56 X 10-4 per Btu. Hence we 
ve 


Lb ai 
7.58 X 10-* X - 


Lb coal Lb coal 
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Substituting values in Equations [3] and [4] in [1], 


Lb air req’d ~~ Lb steam Btu Btu liberated 
«7.56 X x 
Btu Lb coal 
which becomes 
Lb air req’d Lb steam Btu Btu liberated 
Dhp Dhp Lb steam Btu absorbed 
10"*.... [5] 


The factor of calorific value of the coal cancels out and the 
weight of air per drawbar horsepower is dependent only on the 
efficiency of the locomotive in the use of steam, the enthalpy of 
the steam, and the absorption efficiency of the boiler, and is inde- 
pendent of the calorific value of the coal. 

This proves that if the not infrequent statement that a loco- 
motive was correctly drafted for one coal, but not for another, is 
correct, it is not so because of differing air requirements based 
upon calorific value. It may, however, have a basis in the fact 
that one coal may require a higher excess of air, either to avoid 
losses in unburned gaseous combustible, or to avoid clinkering 
and slagging difficulties because of the fusion characteristics of its 
ash. 

Returning to Equations [2] and [5] for the air supplied and 
required, it can be seen that in equating them the factor of loco- 
motive performance is eliminated and we have 


Lb air entrained Btu Btu liberated 
Lb steam Lb steam Btu absorbed 


Using Equation [6], we can calculate the entrainment ratio 
we must have under given conditions. For example, if the Btu 
per pound of steam, its enthalpy, is 1300, and if the boiler absorp- 
tion efficiency is 80 per cent 


Lb air entrained 
Lb steam 


100 
= 1300 X — X 7.56 X 10° 
80 


= 1.23 


The entrainment ratio of the front end must be 1.23 if the theo- 
retical air requirements of the coal burned are to be met. If an 
excess of 20 per cent is required, the entrainment ratio must be 
1.20 X 1.23 = 1.48. 

Thus as has also been shown by Fry (25) the calculation of the 
required entrainment ratio for the front end reduces to an ex- 
tremely simple basis. If we knew accurately the values of the 
several variables that fix the entrainment ratio, the design of a 
front end could be reduced to an exact engineering operation. 

Relation of Excess Air to Power Output. Relations similar to 
those in Fig. 6 have been worked out for several locomotives 
from data from testing plant tests of the Pennsylvania Railroad 
and the University of Illinois. They all show similar relations to 
those presented and it is needless to burden this report with 
them. 

The percentage excess air can, of course, be calculated from 
the composition of the flue gases and it is usually a standard 
item in the report of a locomotive test.- The excess air calculated 
from the flue-gas composition gives, it must be recalled, the ex- 
cess on the basis of the fuel burned and not on the basis of the 
fuel fired. Hence the values obtained are comparable with those 
presented in Fig. 6. 

Fig. 7 presents the relation of the percentage excess air to the 
output for four locomotives: a Mikado 2-8-2 tested at the Uni- 
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80 = 60 : - amount of air supplied by the front end was less than that re- 
a MIK ADO? 8 ey no. 1737'0 quired for the coal fired, and the deficiency amounted to 30 per 
5 60 N & 40 cent at an output of 3500 dhp. On the basis of the heat liberated 
£ \ = from the coal burned, plot (F) in Fig. 6 showed that there was 

40 ” 20 still an excess of 28 per cent at that power output. 
§ \ g Py Fig. 8 shows that at an output of 3500 dhp the air required 
a 20 ° for the coal fired was 142,000 lb per hr. At this output, as shown 
© 1000 2000 3000 Fig. 6, the steam generated and exhausted through the nozzle 
0 was 65,000 lb per hr. For the front end to have supplied the air 
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versity of Illinois (9); a K-4-S No. 1737 (10); an I-1-S No. 4358 
(11); and a K-4-S No. 5399 (12); all tested at the Altoona testing 
plant of the Pennsylvania Railroad. 

The four curves have the same characteristic shape. Two of 
them reached zero excess air, and one showed an actual deficiency, 
at the maximum output at which they were tested. 

Relation of Air Supplied by Front End to Air Required for Coal 
Fired. The calculations and considerations up to this point 
have been on the basis of the coal burned or heat liberated. It is 
more customary, however, in locomotive practice, to consider 
the over-all performance on the basis of the coal fired to the grate. 

Fig. 8 shows on this basis the relation of the air required and 
supplied for the same locomotive used as an example in Fig. 6. 
The method of development was the same as for the former figure, 
but only the curves for the air required, and the air supplied, and 
the curve of percentage excess air are shown in plots (A) and (B), 
respectively. 

Above an output of 2200 drawbar horsepower (dhp), the 


required, each pound of steam would have had to have entrained 
2.18 Ib of air. Actually, the entrainment ratio at this output 
was 1.50. 

The data on locomotive performance which have been exani- 
ined in this study have shown no front ends that had entrain- 
ment ratios of over 2 at high outputs, although conceivably, one 
might be designed for such performance. 

If, however, the front end did supply enough air for the cos! 
fired at an output of 3200 dhp and if, as it must, the performance 
curve was the same as shown in Fig. 8, plot (A), then it is obvious 
that the percentage excess air at all lower outputs would have 
been very great. 

General Law of Front-End Performance. From the foregoing 
considerations one can draw the following generalization or law 
on the performance of front ends relative to their funetion of moy- 
ing the air and combustion gases: 

For any given front-end arrangement and locomotive there is 
a definite upper limit of output of the locomotive at which the 
weight of air supplied will equal that required for the fuel burned. 
A similar but lower limit applies on the basis of fuel fired. Below 
these limits the percentage of excess air will inerease with de- 
creasing output of the locomotive; above the limits there will be 
a deficiency of air. The position of the limits is determined by 
the performance characteristics of the engine, of the boiler, and 
of the front-end arrangements. 

To use terms common in locomotive practice, this law means 
that if a locomotive is correctly drafted at a given output it will 
be overdrafted at all lower outputs and underdrafted at higher 
outputs. It does not follow, necessarily, that all locomotives are 
correctly drafted at the maximum output at which they are de- 
signed to operate. They may be either underdrafted or over- 
drafted at that point, but it follows that the trend will be toward 
overdrafting at lower rates and underdrafting at higher rates. 
The possibility of manual or automatic controls to maintain a 
constant excess of air will be discussed later. 


RELATION OF PERFORMANCE OF Front TO Loss oF IN 
CINDERS 

Fig. 9 shows the relation of the percentage heat loss in cinders, 
together with that of the excess air, on the basis of the coal fired 
as in plot (B) Fig. 8, to the power output of a locomotive. The 
rather rapid rise of the loss in cinders at the power outputs in 
which the air supplied drops below the air required would seem 
to indicate that the cause of the rise in cinder loss might be the 
deficiency of air. 

This can best be analyzed, perhaps, by comparison of the cin- 
der loss in locomotives where the rate of air supply is a variable, 
dependent upon the rate of steam generation, and in stationary 
boilers where the rate of air supply is a variable, independent of 
the rate of steaming or rate of firing, and is controlled by dampers 
or fans. 

Fig. 10 shows a comparison of the relation of the cinder loss to 
the rate of firing in pounds of coal per square foot for a locomotive 
fired by a stoker, and for a stationary boiler fired by underfeed 
stokers. Data on a stationary boiler fired by spreader stokers 
would have been preferred, but they were not found. The loco- 
motive data are from the tests by Collins (13) of a J-1-b; the 
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stationary-boiler data are those given by Driscoll and Sperr (14). 

Two facts stand out in these data, as follows: (a) At low rates 
of firing of the locomotive when there is an ample excess of air, 
the cinder loss is higher than for the stationary boiler; (b) at a 
rate of approximately 75 lb of coal per sq ft per hr, the loss of 
cinders from the stationary boiler equals that of the locomotive 
and the direction of the curve is steeply upward. 
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As there was no question of deficiency of air supply in the sta- 
tionary boiler, the conclusion to be drawn is that the deficiency 
in air supply, on the basis of the coal fired, is not the major cause 
of the high cinder loss at high rates of firing in the locomotive. 
Rather, the high cinder loss is the result of the high carrying 
power of the gases for solids at the high velocity with which they 
move through the combustion chamber at high rates of operation. 
Coal is both carried out of the bed and is swept out of the stream 
of coal being fired before it reaches the fuel bed. 

The probability is that the loss might be somewhat lower if 
an excess of air were present because the rate of burning in sus- 
pension is affected by the amount of oxygen present in the gas. 
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But because the time is so short only the smaller particles would 
have an opportunity to burn. 


OF Back PRESSURE ON PowER Output 


As mentioned in the introduction of the paper, the back pres- 
sure on the cylinders which is required to discharge the steam 
through the nozzle, both increases the amount of steam required 
for a given output and reduces the maximum power developed. 
This has always been well recognized, and MacFarland (2) pre- 
sented extensive data on the back-pressure power loss as calcu- 
lated from indicator diagrams. Hence but one example will be 
required to demonstrate the magnitude of the loss of power. 

Fig. 11 shows the relation of the horsepower loss by back pres- 
sure for locomotive No. 4358 of Class I-1-S (11) to the output. 
The back-pressure horsepower was calculated as the difference 
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in the horsepower actually developed and that which would 
have been developed if the steam had been expanded to one 
tenth of the gage back pressure. Although this degree of re- 
duction in pressure was arbitrarily selected, it is satisfactory to 
illustrate the order of the power loss. 

The loss in power increases rapidly with the increase in the 
net power output and amounts to about 1200 hp or one third of 
the net maximum output of the locomotive. The desirability 
of reduction of this loss is obvious. 

Fig. 12 presents one further demonstration of the gain in power 
output by decrease in back pressure. This shows, for the same 
locomotive as Fig. 11, the gain in output for the same steam con- 
sumption by reduction in the back pressure at an output of 2930 
dhp, and a back pressure of 14 psig. The gain is slightly more 
than directly proportional to the reduction in pressure, but for 
this locomotive each 1-lb reduction means a gain of approxi- 
mately 60 dhp. 

EFFICIENCY OF Front END 

Fig. 13 shows the power required to supply the air and move 
the combustion gases through the boiler for the same locomotive 
used in the example, Fig. 11. The air horsepower was calculated 
in the usual manner from the rate of flow of the gases, with correc- 
tion for temperature, and the pressure against which the gases 
were moved. 

Also shown in Fig. 13 is the ratio of the power required to 
move the gases to the power lost by the back pressure. Above an 
output of 1000 dhp the ratio is about constant at '/1, that is, 
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the efficiency of the front end, by this method of calculation, is 
10 to 20 per cent. 

Young (4) has shown that on the basis of the kinetic energies 
in the gases and in the steam at the nozzle, the efficiency of the 
front end is of the order of 5 per cent, but it is considered that 
the foregoing calculation is of greater significance. 


POSSIBILITIES OF IMPROVEMENT IN DESIGN AND PERFORMANCE 
oF LocoMOTIVE AIR-SuPpPLY SYSTEMS 


The lines along which efforts to improve the combustion effi- 
ciency and over-all performance of the coal-fired locomotive 
should proceed become clear from the analysis that has been 
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presented. They are as follows: (a) To control the drafting ap- 
pliance that the percentage excess of air for the coal burned will 
be essentially constant at all rates of operation; and (b) to move 
the air and combustion gases with the minimum back pressure 
on the cylinders. 

With these objectives in mind we shall review the various 
methods of improvement that have been tried in the past. These 
include the following: (a) Change in area or shape of the nozzle; 
(b) change in area of stack; (c) change in resistance to air flow; 
(d) manually and automatically variable nozzles; and (e) induced- 
and forced-draft fans. 

Change in Area and Shape of Nozzle. Probably the most com- 
mon method of changing the locomotive to improve its “drafting” 
is to change the diameter of the nozzle or to change to one of 
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special shape. If the engine does not “steam” properly the usual 
step is to insert a small nozzle. If it seems wasteful of fuel or 
emits excessive cinders, a larger nozzle is put in. 

Fig. 14 presents curves from Young’s work (4) which permit 
an analysis of what happens when the size of the nozzle is changed. 
The relations between the steam pressure on the nozzle and the 
rate of steam and of air flow are plotted on logarithmic paper on 
which they assume straight lines. 

Let us assume first that the locomotive has a 7-in-diam 
nozzle and is found not to steam properly. A 6-in. nozzle is 
installed. The dashed lines indicate, as an example, that when the 
pressure at the nozzle was 7.6 psi, the rate of flow of steam was 
40,000 Ib per hr, and the rate of flow of air was 105,000 Ib per hr. 
If the flow of steam remains the same, the back pressure with the 
6-in. nozzle will be 14 psi; the air flow will be 109,000 Ib per hr. 
The increase is only 4 per cent and is caused, it is to be noted, not 
because of the increased steam pressure, as we have seen that this 
decreases the entrainment ratio; instead, it is because of the in- 
crease in the ratio of area of stack to nozzle because of decrease 
in the area of the latter. 

Actually, to maintain the same power output from the locomo- 
tive with the smaller nozzle would necessitate an increase in 
steam flow because of the increased loss in power by increase 
in back pressure. The cutoff would have to be increased, the rate 
of flow of steam and the back pressure would increase, and the 
flow of air would increase. A greater net output will be obtained 
from the engine but at a lower engine efficiency. ; 

Conversely, it can be seen that if a change was made from 4 
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in. to a 7-in. nozzle, the cutoff could be decreased to obtain the 
same output and the steam flow and air flow would decrease 
more than shown by the dashed lines. 

The size of the nozzle must be of course that which will give 
the design output of the locomotive, but data should be made 
available which would make unnecessary a trial-and-error method 
to establish the correct size. As for special designs and shapes, 
some have merit, but Young’s findings have already been recalled; 
namely, that among all that he tried the best was only 12 per 
cent better than the poorest. 

Although the size of the nozzle may be varied, we have seen 
that the laws of flow are such that the percentage excess air sup- 
plied will decrease with increase in rate of output of the locomo- 
tive, and a fixed nozzle cannot change this fundamental relation. 

Change of Area of Stack. The dimensions of the stack of a lo- 
comotive once built are not susceptible of simple change and less 
experimenting has been done with the stack. 

For maximum performance of any given combination of stack 
and nozzle, the distance from the nozzle to the top of the 
stack must be such that the steam will fill or “seal” the stack. Be- 
cause the height of the stack is limited by the clearances of the 
right of way, there is a limit to the stack diameter that can be 
used. 

Furthermore, as the stack diameter is increased, the velocity of 
discharge of the gases is decreased and trailing smoke that ob- 
scures vision may result. European locomotives have often used 
“wings” to lift the gases above the train. They have also been 
used to some extent in this country. 

Change of Resistance to Air Flow. The analysis in the earlier 
part of the paper showed that the resistance against which the 
air and gases are moved is one of the principal factors that deter- 
mine the entrainment ratio of an exhaust nozzle. The expression 
for resistance 

Wa 
was suggested. 

Table 1 gives some of the data on five locomotives, the average 
over-all resistance calculated from the draft in the front end, the 
resistance of the tubes from the pressure drop across them, and 
the ratio of the two resistances. 

Resistance values from individual tests of each locomotive 
showed no general trend with locomotive output but were, with 
few exceptions, nearly constant at the average value shown. 
When it is seen that the resistance of the tubes is 67 to 75 per 
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the square root of the sum of the squares of the resistances of the 
separate parts. . 

Resistance of Diaphragm and Tubes. The two largest single 
resistances in the system are those of the diaphragm and tubes. 
They are, respectively, 59 and 51 per cent of the over-all resist- 
ance or together 


100 V2.3? + 2.02 


39 = 78 per cent of the total 


Hence it would seem that here lies the greatest opportunity for 
reduction in the resistance and thus the improvement in the 
performance of the exhaust system. 

The function of the diaphragm is to break up and extinguish 
cinders that they may be discharged freely and harmlessly from 
the stack. Many variations, such as so-called cyclone front ends, 
have been tried. A review of all suggested designs and an ex- 
perimental program on new designs would now be in order. 

The resistance of the tubes is high because of the high velocity 
with which the gases are passed through them. This high ve- 
locity results in excellent heat transfer but, as previously pointed 
out, at the expense of a loss of efficiency of the engine because of 
the high back pressure. 

The over-all efficiency of the locomotive in its use of the heat 
liberated from the coal is the product of the efficiency of the en- 
gine and that of the boiler. As the efficiency of the engine de- 
creases and that of the boiler increases, as the area of the tubes is 
decreased or their length is increased, there is a value for area and 
length at which the over-all efficiency is at an optimum. 

An analysis to establish whether the values now used in loco- 
motive design are the optimum should be made. If not, experi- 
mental research to establish the optimum should be carried out. 

Resistance of the Arch. The resistance to the flow of gases back- 
ward to the throat of the arch and then by a hairpin turn forward 
is an important part of the resistance, but the gain in combustion 
efficiency by this turbulence and in absorption efficiency by the 
surface of the tubes is large and cannot be sacrificed. It is pos- 
sible, however, that in the locomotive used as an example, and 
others, the throat is too small and should be increased. 

Resistance of Fuel Bed and Grate. What part of the resistance 
of the fuel bed and grate is caused by the fuel bed and what by 
the grate separately is not known. They must be considered to- 
gether. The total is the smallest of the four resistances so far 
considered. Even if the resistance could be removed entirely, 
the flow through the system would not be greatly increased. 

For example, the over-all pressure drop would be reduced from 


TABLE 1 AVERAGE RESISTANCE TO FLOW OF GAS FOR FIVE LOCOMOTIVES 
Grate 

Ratio, Ratio, 

Max im Areas, sq in. (Area of stack) Resistance _R(tubes) 

Locomotive dhp percent Nozzle Stack (Area of nozzle) Total Tubes R(total) 
I-1-8 4358(11) 3334 32 35.9 314 8.8 5.0 3.7 0.74 
H-8-SB 387(15) 1588 27 30.9 227 7.3 5.7 4.3 0.75 
Mikado 1742 (9) 1833 37 28.3 265 9.4 4.5 3.1 0.69 
K-4-S8 —1737(10) 2876 28 38.2 214 5 6 5.2 3.5 0.67 
K-4-S  —.5399(12) 3934 15 51.2 310 6.1 4.0 2.7 0.68 


cent as large as the total resistance, it is not surprising that the 
over-all resistance should not change with a change in the thick- 
ness of the fuel bed or other variables in the course of tests at 
various rates of output. 

Table 2 gives the pressure drop across various parts of the air- 
and gas-flow system of a locomotive, the resistance of each sec- 
tion, and the ratio of each to the over-all resistance. 

The last column of Table 2 gives the ratio of the resistance of 
each of the several parts of the system to the over-all resistance. 
It must be remembered that the sum of the resistances is not 
equal to the total resistance; instead, the total resistance equals 


TABLE 2 DRAFT, PRESSURE DROPS, AND RESISTANCE TO 
GAS FLOW IN LOCOMOTIVE 


Pressure a Ratio to 
7 _ Draft, drop, V4 yx 108 over-all 
Position in, water in. water Wa resistance 
20.1 3.9 1.00 
Across diaphragm... . . 6.9 2.3 0.59 
Back of diaphragm.... 13.2 
Across tubes............ i 5.3 2.0 0.51 
At flue sheet............ 7.9 
Across arch......... : 4.2 1.8 0.46 
Across fuel bed........ a 3.0 1.5 0.38 
To atmosphere.......... 0.7 0.7 0.18. 
® Drawbar horsepower = 3839. Air flow = 114,600 Ib per hr. 
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20.1 to 17.1 in. and the resistance would be as 20.1 to 17.1 or as 
4.5 to 4.1. The rate of flow for a given draft varies inversely 
as the resistances. Hence for the same draft in the front end the 
rate of flow without the resistance of the fuel bed and grates 


4.5 
would be rt 110 or 10 per cent greater. 


This shows that the effect of reductions in the percentage air 
openings in the grates, which is often now as low as 7 to 10 per 
cent compared to 40 to 50 in earlier locomotives, is not that of so 
increasing the resistance that the ratio of air to fuel is decreased. 
Instead, the advantage of reduced air openings is that they im- 
prove the distribution of the air over the grate and prevent the 
passage of a large amount of air through a hole that may occur in 
the fuel bed. 

Resistance of Ashpan. The resistance offered to the flow of 
air by the inlets to the ashpan is much the smallest of the several 
resistances, but the fact that there should be any resistance, as evi- 
denced by a draft in the ashpan, has often been questioned by 
engineers. 

Even if it were removed, the change in the over-all resistance 
would be small, of the order of 

V201—07 44 
= 008 
V 20.1 4.5 
that is, a 2 per cent decrease. This is small but a reduction would 
undoubtedly be desirable. The seemingly prevalent rule that the 
area of the inlets to the ashpan should be 15 per cent of the area 
of the grate may well be questioned. 

Manually and Automatically Controlled Front Ends. Many 
suggestions have been made of variable nozzles, some controlled 
manually from the cab and some automatically. The history of 
the manually controlled nozzles has been that they were difficult 
to maintain in working order at the temperatures of the front end 
or that they were closed to their minimum at all times. Their ac- 
ceptance in this country has not been great. 

Lewis Nozzle. Of the several automatically controlled nozzles, 
the Lewis, described by Jackson (3), attained some use. It was a 
slot-type nozzle in which two vanes were mounted on shafts 
which were geared together and connected to a weighted loading 
arm damped by a dashpot. The vanes “pumped” at low engine 
speeds as the back pressure varied, but at high speeds they rode 
at balance, opening further as the pressure increased. The de- 
sired functioning was never clearly described in terms of rate of 
air flow at various outputs. One statement was made that a con- 
stant draft was obtained. This is obviously impossible and un- 
desirable as the draft must increase as the rate of output increases. 

The action must have been that by opening with increased 
pressure, the back pressure was held down but because the ratio of 
area of stack to nozzle was decreased, the rate of air supply was 
less than it would have been with a fixed nozzle. The reverse has 
been shown to be the desirable action. 

Bertram Automatic Drafting. A device for automatic control of 
the draft on a locomotive is covered by two patents (16, 17) to 
Bertram, and some results have been described. It consists of 
several spring-opposed (18) valves in a line leading from the ex- 
haust pipe to the atmosphere. The valves start to open at a pres- 
sure of 5 to 6 lb, and by by-passing part of the steam from the 
exhaust nozzle the back pressure is reduced. Also, it must re- 
duce the amount of air moved by a nozzle of the same size; where- 
as we have seen that the need is for a greater amount of air at 
high rates and a reduction at low rates. 

If a smaller nozzle than normal for a nonautomatic nozzle were 
used and the spring-loaded valves opened early to by-pass a part 
of the steam at low rates, some measure of the desired action 
might be attained, but neither the patents nor descriptive litera- 
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ture clarify the exact action. The article states that 59 locomo- 
tives of the Lehigh Valley were equipped with the device from 
1938 to 1941, but it is understood that all have now been re- 
moved. 

The Clemac Front End. Another automatically controlled 
front end has been recently developed by W. H. Clegg, general 
superintendent, Motive Power and Car Equipment, and R. R. 
McIntosh, mechanical engineer, Grand Trunk Western Railroad. 
Only a short discussion has been published (19), but Messrs. 
Clegg and McIntosh have kindly made all details available to 
the authors. The development is also well deseribed in two 
patents (20, 21). 

The essential features are as follows: 


1 Back-pressure relief valves of the weighted poppet type to 
govern back pressure on the cylinders by exhaust of steam to the 
atmosphere. 

2 Adraft-relief valve that opens to admit air to the front end 
and thus limits the draft. The draft at which the valve opens in- 
creases as the output of the locomotive increases because the 
valve is loaded by the pressure of the steam at the nozzle through 
a piston on the upper end of the stem of the valve. 

3 A cinder ejector which consists of a pipe that extends from 
the point of maximum draft inside the skirt of the stack to the 
bottom of the front end. 

4 The elimination of the diaphragm, table plate, draft sheet, 
and netting from the front end. 

The action of the back-pressure relief valve is not essentially 
different from that of the Bertram, and the same objections ap- 
ply. 

The draft-relief valve may have merit in that it should be pos- 
sible to maintain the air-fuel ratio constant or to vary it as de- 
sired over the range of outputs. 

The elimination of the diaphragm, table plate, draft sheet, and 
netting should decrease the over-all resistance to the flow of gases, 
permit a larger nozzle, and thus reduce the back pressure on the 
cylinders. Why these supposedly essential features can be elimi- 
nated by the inclusion of the back-pressure and draft-relief 
valves is not clear. However, the two locomotives equipped with 
the device have been approved from the standpoint of danger of 
forest fires for operation in Michigan by the Conservation De- 
partment, and in Canada for operation on the associated lines 
of the Canadian National Railways. 

Admittedly, there is much that is not known about the factors 
that control the pickup and carry-over of cinders, If the carry- 
over varies as some power, greater than 1, of the rate of flow of 
gases, the carry-over will undoubtedly be high at the instant the 
exhaust valve on the engine cylinder opens, when the rate of dis- 
charge of steam isatamaximum. Thus it is conceivable that the 
carry-over would be considerably less for the same total flow if 
the rate of flow of gases were continuously at the average value 
than if the rate varies widely, as it must with the intermittent 
exhaust of steam at widely varying pressure. 

Correct Principles of Automatic Control of Air Supply. The 
automatic devices described appear to have been designed in the 
belief that a locomotive is overdrafted at high rates and under- 
drafted at low rates, whereas we have seen that the reverse is 
true. The correct principle is to install a nozzle of the correct 
size to give the required output of the locomotive and the desired 
excess air at that output and to open the nozzle, to by-pass steam, 
or to relieve the front-end draft at lower outputs to maintain 4 
constant excess of air. 

If this were manually controlled an indicator in the cab would 
be required as a guide to the proper setting. A dual gage, one 
pointer indicating flow of steam by pressure drop across a nozzle, 
the other indicating flow of gas by pressure drop across the tubes 
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with such adjustment of the linkages that when the pointers 
were together the rate of air supply was correct, would be suitable. 
This is the principle of the Bailey boiler meter, widely used on 
stationary boilers and adaptable to automatic control. The 
difficulties of application to locomotives with widely varying 
pressures, particularly at low speeds, are apparent. 

Induced- and Forced-Draft Fans. The possibility of the appli- 
cation of either foreced- or induced-draft fans to the locomotive 
has occurred tomany. MaeFarland (2) as the result of his studies 
of the power losses because of back pressure, designed an induced- 
draft fan operated by high-pressure steam. The design was ap- 
plied to one switcher and three road locomotives of the Atcheson, 
Topeka and Santa Fe Railroad from 1912 to 1914. From 1920 
to 1927 Dr. W. F. M. Goss experimented with a turbine-driven 
induced-draft fan using exhaust steam. 

Jackson (3) reports that both of these failed because of the im- 
possibility of maintenance of the blades against the erosion by 
slag particles and cinders. 

The Committee on Front Ends, Grates, and Ash Pans of the 
International Railway Fuel Association 
forced-draft installation on a locomotive of the Texas and Pacific, 
burning both Texas lignite and bituminous coal. Although the 
first results were promising, no further application seems to have 
The fan was operated by a turbine, presumably on 
The ex- 
Both 
the nozzle and stack were considerably enlarged as eompared to 


22) has described a 


been made. 
exhaust steam, although this was not definitely stated. 
haust of the turbine passed through a nozzle to the stack. 


normal practice. 

The difficulties of forced draft are obvious. The firebox will be 
under pressure greater than atmospheric, and the firing door 
cannot be opened unless the fan is shut off. 

Overfire Air. The use of overfire-air jets to decrease the loss by 
unburned combustible gases and to decrease the smoke has long 
been practiced and is now coming into greater favor because of the 
work of Bituminous Coal Research, Ine. (7, 23, 24). This work 
has given the correct principles of design of steam and fan- 
driven jets and has shown how the noise which so often  pre- 
vented their use, can largely be eliminated by a simple silencer. 
More than 600 locomotives on 24 railroads have now been 
equipped with jets based on the BCR design. 

If 10 or 20 per cent of overfire air is desirable, the question 
arises Whether the supply of 30 to 50 per cent of the air would 
not be more desirable. 

The introduction of the air over the fire would do little to re- 
lieve the work on the front-end nozzle and thus reduce the back 
pressure because the gases would still have to be moved around 
the arch, through the tubes, and around the diaphragm. We have 
seen that these constitute the bulk of the resistance of the system. 

Whether the use of large proportions of overfire air would re- 
duce the large losses in cinder at high rates depends upon the 
amount of this carry-over that comes from the fuel bed and 
the amount that is carried from the coal thrown from the stoker 
and thus never reaches the bed. Only experimental research will 
determine the value of overfire air, but as the possible gains are 
great, a thorough research is warranted. 


CONCLUSIONS AND RECOMMENDATIONS FOR A PROGRAM OF RE- 
SKARCH 


This analysis of the problem of the supply of air to coal-fired 
locomotives by means of the “front-end” system of exhausting 
the steam from the cylinders into the stack through a fixed nozzle 
shows the following: 

1 That the design of the front end definitely establishes at 


all rates the efficiency of combustion of the coal, as measured by 
the excess of air, and the efficiency of the cylinders except for 


477 


some modification possible by the engineer by position of the 
throttle and cutoff. 

2 That the front end does not increase the rate of supply of 
air proportionately to the rate of output of the locomotive but 
leads to a decreasing excess or even a deficiency of air at high 
rates. 

3. That the loss of heat in cinders carried out of the combus- 
tion chamber at high rates is not necessarily the result of the de- 
ficiency of air supply by the front end. 

4 That the high back pressures on the cylinders at high rates 
lead to large losses of power output. 

5 That one of the principal reasons why high back pressures 
are required is the high resistance offered to gas flow by the dia- 
phragm and the tubes. . 

6 That most attempts at manually or automatically con- 
trolled front ends have been based on the assumption that loco- 
motives are overdrafted at high rates of output and underdrafted 
at low rates, whereas the reverse is true. 


A program of research to improve the performance of the coail- 
fired steam locomotive by improvement of the air-supply system 
should include the following: 


1 A program of tests on a full-seale locomotive to fix definitely 
the value of the factors, ratio of area of stack to nozzle, steam 
pressure, temperature of the gas, and resistance to gas flow that 
determine the entrainment ratio of a nozzle. ' 

This information can be obtained on standing tests using 
throttled desuperheated steam. Of particular importance is 
that the weight of gases moved be accurately measured. This is 
preferably obtained by movement of the gases with a fan and 
measurement by means of a nozzle or a Pitot tube. 

With this information and with knowledge of the resistance to 
gus flow and of the consumption of steam of a given locomotive, 
the proper size of nozzle for a given performance could be estab- 
lished by caleulation, and cut-and-try methods of adjustment of 
the front end‘would be eliminated. 

2 Review of design of front ends and experimental research 
to develop a design with the minimum resistance to the flow of gas 
consistent with proper self-cleaning characteristics. 

3. Review of the problem of heat transfer in the boiler tubes 
to fix the area and length to make the over-all efficiency of the 
locomotive an optimum. 

4 Conduct a thorough program of experimental research to 
determine the value of overfire air in elimination of smoke, redue- 
tion of losses in gaseous combustible, and of losses in cinders. 
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Discussion 


E. D. Benton.‘ While investigations and testfng of various 
combinations and arrangement of front-end parts have been 
carried on for many years, no one, heretofore, has clearly set 
forth the principles so that the ability of the front end to move 
air could be rationalized. Had this been done previously many 
of the misconceptions of its inherent characteristics would have 
been known, and much time and effort saved in attempts to 
design and patent ideas which were doomed to disappointment. 
The apparently simple fact that steam-air entrainment ratios 
decrease with either an increase in steam flow at the nozzle or 
increase in draft, and therefore at maximum output there is no 
surplus steam exhausted, has not been appreciated except by a 
few people. This has resulted in many attempts to improve the 
front end by the application of principles which, in effect, did 
just the reverse. 

The development of a simple formula for calculating entrain- 
ment ratios, based upon the fact that both the air rate per Btu 
in the coal and boiler-absorption efficiency are essentially con- 
stant thus leaving only one variable, that of total heat or enthalpy 
of the steam, is particularly valuable. It, of course, assumes that 
all of the steam generated is exhausted through the nozzle or 
absorbed by the boiler feedwater. However, a sizable percent- 
age of the steam generated by the boiler does not pass through 
the exhaust nozzle, such as the-heat lost from continuous boiler 
blowdown, the steam-air pump, cab and headlight generator, 
stoker engine and jets, train heating, ete. Obviously, a factor 
representing this should be included in Equation [6]. 

The paper, by inference, brings out an interesting but seldom 
appreciated point, that exhaust pressures must be higher for 
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modern high-pressure high-superheat engines than for older or 
saturated-steam engines. Assume two engines with the best 
possible front-end arrangement, but one engine producing steam 
having an enthalpy of 1200 Btu per lb, and the other engines with 
steam conditions giving 1395 Btu per Ib. Then the engine 


1395 — 1200 


with the greater enthalpy must entrain 200 X 100 or 


16 per cent more air per lb of steam exhausted. If Young, in his 
investigations at the University of Illinois, was able to measure 
a difference of only 12 per cent between the best and the worst 
front-end nozzle-stack arrangement, it becomes apparent that 
the engine having the highest enthalpy must have a well-designed 
front end, and particular attention must be given the resistance 
offered to the flow of gases from the ashpan to the front end. It 
would appear that Young’s statement, “the mutual incompata- 
bility of the mechanical requirements of the front end,”’ has an- 
other difficulty, i.e., that of enthalpy. 

The concept of resistance and resistance ratios as presented 
in the paper should prove helpful to anyone experiencing draft- 
ing difficulties, particularly when attempting to compare front- 
end proportions between engines having substantial differences in 
enthalpy of the steam generated. That grate and fuel-bed re- 
sistance is only about 15 per cent of the total will surprise many 
stationary-power-plant men who usually consider the fuel bed as 
the major resistance to the flow of air. It is for this reason that 
engines appear to steam equally well with a fuel and ash bed free 
of clinkers of 14 in. in thickness as with one only 6 in. thick. 

If the steam turbine is to enjoy the success it justly deserves, 
considerable attention must be given the optimum “resistance 
train” in order to lower back pressure and improve water rates, 
since an increase in enthalpy of the steam is handicapped by an 
increase in exhaust pressure. 


J. R. Jackson. In the main, the writer follows the analysis 
and subscribes to the points advanced by the authors, particu- 
larly that ‘“‘draft,”’ as expressed in pressure differential, is not 
the proper basis for the study of the flow of heat through the lo- 
comotive boiler, and that the composition, weight, and tempera- 
ture of the gases moved, at various locations in progression 
through the boiler, should be determined for different rates of 
power development. It is agreed with that in this respect there 
is a lack of information and a field for investigation which should 
yield a better understanding of the factors in the burning of solid 
fuels on grates throughout the normal range of power develop- 
ment of a steam locomotive boiler and possibly lead to an exten- 
sion of the economic range over that heretofore obtainable. 

However, there are two points made by the authors which the 
writer finds it difficult to subscribe to: 


1 The evaluation of the resistances to flow through the 
boiler, particularly to the relatively small value attributed to 
the fuel bed. 

2 The statement of “the correct principles of automatic con- 
trol of air supply.” 


As to the first point, fire-bed resistance; the front-end plates 
and spark-arrester appliances, the tubes and flues, the arch, 
the grates, and the ashpan openings are the fixed resistances; the 
fire bed is the variable resistance and consequently the only 
means the locomotive fireman has to regulate and control air 
supply. While fire-bed resistance as the authors show, is of 4 
relatively small magnitude as compared with the fixed resistances, 
it is a most important factor in the control of steam generation 
for any given rate of power development in any existing coal- 
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fired steam locomotive. The difference between a good fireman 
and a poor one is essentially the manner in which he regulates 
fire-bed resistance to control air supply. 

As to point 2, i.e., automatic control of air supply. If by 
“correct size to give the required output of the locomotive” the 
authors mean maximum output, a nozzle of relatively large area 
is essential if the cylinder back-pressure horsepower loss is to be 
kept at the desired minimum for those conditions. However, in 
practice, with the relatively large nozzle desired for maximum 
output, it is too large for the lower rates of power development 
and the locomotive will “steam hard” or “fail for steam’ as the 
rate of flow of exhaust steam through the nozzle is decreased by 
throttle or cutoff control. The universal remedy followed to 
improve steaming at the lighter loads under the conditions as 
just set forth is to reduce the nozzle area. This is directly the 
opposite procedure to the authors’ statement of the correct 
principles of automatic control of the air supply and wherein 
the writer finds it difficult to agree. The case of a relatively 
large-nozzled locomotive in effect approaches the authors’ concept 
for the automatic eontrol of air supply, and yet it does not work 
out in practice. 

It has been realized for many years that the back-pressure 
horsepower loss in the reciprocating steam locomotive is rela- 
tively high at the higher rates of power development. The 
writer has had considerable experience in attempts to bring 
about improvement in this direction and still believes that this 
angle requires further study and experimentation in any program 
of research looking to the improvement of the conventional 
reciprocating steam locomotive. 

The control of air flow through the grates or above the fire in 
4 coal-fired steam locomotive, throughout the relatively wide 
range of power development, is not a simple problem but it is 
believed that the approach, as suggested by the authors in this 
paper, should yield long-needed supplementary information and 
gives promise of realizing some worth-while improvements in the 
efficiency of the steam locomotive within the relatively narrow 
thermal-efficiency limitations attainable in this type of motive 
power, 

In conclusion, the writer is thoroughly in sympathy with the 
authors’ recommendations for a program of research employing 
a full-sized locomotive and hopes that it will be carried out along 
the general line as set forth in this paper. 


RK. R. McIntrosu® anp W. H. Cieaa.’? We note in the sec- 
tion, “Relation of Air Supplied by Front End to Air Required 
tor Coal Fired,” the authors refer to a locomotive developing 
3500 dhp, at which output there was a deficiency of 30 per cent 
in excess air required for the coal fired, while actually for the coal 
burned, there was still an excess of 28 per cent at that power 
output. This fact seems to offer the most lucrative field for re- 
search in correcting the factors leading to such a tremendous 
loss in unburned fuel. 

It is also noted in “Relation of Performance of Front End to 
Loss of Heat in Cinders,” that the authors conclude that the high 
cinder loss is the result of the high carrying power of the gases 
for solids at the high velocity with which they move through 
the combustion chamber at high rates of operation, and that coal 
is both carried out of the bed and swept out of the stream of 
coal being fired before it reaches the fuel bed. 

It is apparent that these undesirable conditions exist at high 
rates of output where they are influenced by the higher back 
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pressure developed, which rapidly increases the ratio of the loss 
of back-pressure horsepower to the drawbar-horsepower output, 
as illustrated in Fig. 11. The small percentage of increase of air 
flow obtained by large increases in back pressure is obtained only 
at a very high price and is entirely out of proportion. It is 
therefore reasonable to assume that much may be accom- 
plished in this direction where both high values of back pressure 
and air flow are automatically controlled, especially where such 
permits the locomotive to develop its boiler and tractive-effort 
capacity by reducing materially the ratio of back pressure- 
horsepower loss to drawbar-horsepower output and maintaining 
a more satisfactory range of entrainment ratio in the movement 
of gases. 

We heartily concur in the authors’ conclusions and recommen- 
dations for a program of research which should embrace a careful 
study of past and present designs of air-flow control, and the 
effect of unburned fuel loss by the control of back pressure, espe- 
cially in view of the high ratio of back pressure - horsepower 
loss to drawbar-horsepower output. It is obvious from the au- 
thors’ conclusions that they regard high back pressure as a very 
important factor which should be minimized by reduction of re- 
sistance to air flow, and we believe this to be well within the 
bounds of possibility with automatic control. 


AuTHOoRS’ CLOSURE 


Mr. Benton has correctly pointed out that an increase 
in enthalpy of steam, by increase in pressure or in superheat, 
or both, results in an increase in the required entrainment 
ratio of the front end. His conclusion that this means that an 
engine having higher enthalpy must have a well-designed front 
end is also sound as there is little purpose in increasing the en- 
ergy in the steam at the high level if one must decrease the size 
of the nozzle and thus throw the energy away in increased back 
pressure. 

Mr. Jackson questions the conclusion that the resistance of the 
fuel bed plays a small part in control of the flow of air through 
the system. His belief that the fireman can control the amount 
of air by the thickness of the bed is natural and it is true that 
if the pressure drop through the fuel bed is increased, the supply 
of air will decrease, but it is not true that it will decrease greatly 
for normally expected changes in resistance. 

If we take, for an example, the conditions shown in Table 2, 
when the pressure drop across the entire system was 20.1 inches 
of water and that across the fuel bed was 3 inches, and assume 


that the drop across the bed is doubled, then the increase in re- 
sistance will be 


or seven per cent. That is, the air flow would be decreased by 
seven per cent, certainly not a large amount, for a doubling of the 
pressure drop across the fuel bed. The authors will certainly 
agree with Mr. Jackson that the difference between a good fire- 
man and a poor one is the manner in which he maintains the uni- 
formity of his fuel bed. For example, if the fireman fires too much 
coal and greatly increases the thickness of the bed, the result may 
be heavy smoke and loss due to carbon monoxide and unburned 
volatiles, not because the increased thickness of bed reduced the 
amount of air appreciably but because it changed the air-coal 
ratio by too much coal. 

Conversely, a decreased rate of firing will lead to a thin fuel bed, 
low CO:, and falling steam pressure, not because the air has in- 
creased a great deal but because the coal has decreased. 

Mr. Jackson questions whether the authors mean maximum 
output in the statement, “correct size to give the required output 
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of the locomotive”. The answer is that they mean the maxi- 
mum output desired for the given locomotive, although this is 
usually the maximum that can be obtained. The authors recog- 
nize that as the size of the nozzle is decreased to give a higher en- 
trainment ratio and more air, the cylinder output decreases be- 
cause of the increased back pressure and the efficiency of the 
engine will decrease. Hence there should be an optimum size 
of nozzle for maximum output, but often a higher output can be 
obtained even at lower efficiency and this sacrifice is made. 

The authors confess to lack of practical locomotive experience, 
but fail to see why, if a given nozzle gives satisfactory operation 
at high outputs, there should be “hard steaming” at lower out- 
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puts. The mathematical relations, fully confirmed by test data, 
show that the entrainment ratio of a nozzle increases as the flow 
of steam and thus the back pressure decreases. The “hard steam- 
ing” cannot be for lack 6f air. Could it be from too great an ex- 
cess? 

Messrs. McIntosh and Clegg appear to be in full accord with 
the conclusions of the paper and suggest that it is possible to ob- 
tain automatic control to avoid back pressures. The authors 
agree as to desirability, but point out again that the method of 
by-passing steam is wrong in principle because, when more air 
is needed, it can definitely not be obtained by not passing part 
of the steam through the nozzle. 
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Analysis of Special Electronic-Tube Tests 


By J. H. CAMPBELL! ano C. G. DONSBACH,? SCHENECTADY, N. Y. 


The complexity of manufacturing electronic SUGGESTION SUGGESTION SUGGESTION 
tubes is such that professional groups normally FOREMAN — FAGTORY ENGINEER _— DESIGN Enemezr | 
associated with design and laboratory activities 
are called upon to work in the factory. These cna, Foneman | 
groups contribute considerably to the control of 
material assembly, test, and the outgoing qual- 4 
ity of the product. In this industry many vari- | 
ables exist and because none of the tube parts i 
can be tested electrically until the tube is com- | FOREMAN | 
pleted, a system of “statistical quality control’’ J 
is in order. This paper illustrates improve- [ Test STATION ] 
ments which may be accomplished through | 
special tests on tubes in the course of produc- 
tion, followed by statistical analysis of the STANALYSS- — 


results. 


HE complexity of the manufacture of many 
articles has been greatly increased in the past 
few years due to at least one or more of the 
following conditions: 
1 The large number of new devices. 
2 The relatively short period of time allowed for develop- 
ment. 
3. The large quantities on order. 
4 The precise quality and limitations imposed by critical 
Wartime requirements. 


There are probably few manufacturing processes more complex 
than the manufacture of electronic tubes. In order to cope with 
the situation many professional groups, normally associated 
with design and laboratory activities, must be called upon to 
work in the factory. The regular complement of production 
engineers in an electronic-tube factory must have the assistance 
of chemical and metallurgical engineers as well as glass technolo- 
gists. This technical help in manufacturing contributes con- 
siderably to the control of material assembly, test, and the out- 
going quality of the product. 

Another important tool which is gaining in popularity and use 
in most industries is statistical quality control. In the electronic- 
tube industry the need for control of the many variables is es- 
pecially acute since none of the parts can be tested for electrical 
characteristics until the tube is completely made. These vari- 
ables start from the material composition of the parts and con- 
tinue through all processing stations to the final test for electrical 
characteristics. When properly applied to manufacturing, 
statistical analysis becomes a library of information to help engi- 
neers, foremen, and operators make the right decision at the 
right time, 

This paper is intended to illustrate what can be accomplished 
through the use of special tests in the production of electronic 
tubes, with particular emphasis on the need for statistical analysis 
of the results. 
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Fie. 1 


“SprecraL Tests” ror ELEcTRontic TUBES 


In order to avoid confusion in the term “special test,”’ which 


will be referred to quite often, the following explanation is 
given: 

The making of electronic tubes like many other manufacturing 
processes is accomplished by means of standard instructions. 
These instructions are the best known method of producing a 
particular tube type at the time the tube is considered developed 
and ready for manufacture. A special test usually has one 
variable which is not within the standard instructions. The en- 
gineer or person who suggests the test believes the one vari- 
able introduced in the manufacture of the tube will improve 
the quality and/or reduce manufacturing losses. If the test 
accomplishes either. or both of the improvements, the corre- 
sponding change is made in the standard instructions. 

It is therefore obvious that the special test is one of the most 
important tools for the factory to improve the quality of its 
product or reduce the losses in manufacture. 

In order to utilize the test method to its fullest extent, com- 
plete co-ordination of all the groups in the factory must be ob- 
tained. Fig. 1 shows how this is accomplished. In general, 
the three groups who initiate a test are the engineers in the fac- 
tory, the foremen, and the design engineers. The factory engi- 
neer’s office serves as a clearing house for all technical information 
and the engineer accepts or rejects a special test based on the 
value of the information he expects may be gained by conducting it. 

When a test is approved from a technical viewpoint, the general 
foreman is consulted regarding the priority the test should have 
in the production schedule. The written test form is then 
studied by the statistician to determine whether the method to 
be used will properly isolate the one variable being tested. The 
foreman then receives complete instructions and the tubes are 
assembled and tested. It then becomes the joint responsibility 
of the engineer and the statistician to analyze the data to deter- 
mine whether the results are significant enough to require a change 
in standard instructions. A case history is then kept for future 
reference. The data are arranged by tube type and subject and 
made available to all who may have occasion to use them. When 


= 
= 
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this file is properly kept it serves to avoid duplication of effort as 
well as to provide information on past experience to help solve 
difficult problems in the future. 


PropvucTion FLow CHART 


To give an idea as to the number of variables encountered in 
the making of a tube, a typical flow chart of production is shown 


© — Part 3* 
x — PROCESS dd 


— sus + 


Fic. 2. Frow CHart SHOWING PosstBLE VARIABLES 


in Fig. 2. It will be noted that this chart contains 34 parts, 141 
manufacturing processes, and 14 subassemblies. In the manu- 
facturing processes we have not included on the chart any sub- 
processes such as cleaning schedules of parts, exhaust schedules, 
etc. Likewise, Fig. 2 does not indicate the number of different 
machines, or operators, or test sets that may be in use at any one 
time. For ease of illustration these additional variables were 
omitted from the flow chart. It is important to note that prac- 
tically any number of these variables or combinations of them 
may affect one or more of the electrical characteristics of the 
tube. The decision as to the total possible number of variables 
which can be encountered will be left to the reader’s imagination. 

Control over these variables is maintained statistically in many 
ways, a few of which may be listed as follows: 
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(a) Control over incoming material by sampling procedures. 

(b) Control over processing stations by per cent defective, 
and variables control charts based upon 100 per cent and/or 
sampling inspection. 

(c) Control at the test station by means of per cent defective, 
and variables control charts based upon 100 per cent and/or 
sampling tests. This may mean control over previous processing 
procedures since the results at test are, in many cases, directly or 
indirectly related to processing. 

(d) Control by means of special tests. 


In the remainder of the paper we will point out the method em- 
ployed in analyzing special tests and some of the results obtained 
by the use of this system in an electronic-tube plant. 


PROCEDURES FOLLOWED IN SpECIAL TESTS 


Fig. 3 is a flow chart which will give the general basis for the 
instigation, analysis, and disposition of such tests. An explana- 
tion of this chart follows: 

The various reasons for running a test may arise from four gen- 
eral sources: 1 It may be the suggestion of a production worker, 
a foreman, or an engineer to change a certain processing pro- 
cedure in the hope of improving the quality of the tube. 2 If a 
rise occurs in the per cent of defective tubes, it is the engineer’s 
responsibility to isolate and correct the cause. This is often 
done by means of a special test where the suspected cause is the 
only variable. These troubles may in some cases be outstanding, 
as when the tubes suddenly become defective, or when per cent 
defective and/or variables control charts indicate trouble. 3 
Another cause for which a special test may be run is to determine 
whether any differences exist among processing procedures such as 
among operators or machines. This source also uses special 
tests to compare test sets. 4 A special test may result from a 
necessity of control over certain incoming materials such as base 
metals, filaments, grids, ete., or from necessity of material con- 
trol over certain processing materials, such as, emission-coating 
mixes, ete. 

In general, regardless of the reason for conducting a special! 
test, the procedure is to manufacture a small sample of tubes 
under prescribed conditions. Because of the large number of 
variables encountered it is absolutely necessary to send a contro! 
test along with the special test so that conclusions can be studied 
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properly. This is the means used for reducing experimental 
error by holding constant all factors except the one under inves- 
tigation. It means that the control test must be processed by 
exactly the same machines and same conditians (except for the one 
variable being tested) as the special test. Unless this is done, 
the results of the special test are not indicative. 

These special tests may be further classified into two cata- 
gories, i.e., those in which the procedures are within standing 
instructions, and those which are outside standing instructions. 
In the case of the former the tubes may go directly to stock, but 
where the test is for tubes made under procedures which are out- 
side standing instructions, the tubes cannot be stocked until the 
quality is determined by meaus of a life test or equivalent on a 
reasonable sample of the lot. If the tubes pass the additional 
prescribed test they may then go to stock. 

As soon as the tubes are tested the results of the special test 
are compared with those of the control test. It is in this ecom- 
parison that the use of the statistical analysis is applied. Fig. 
4 shows the various statistical tests applied to determine whether 
the special-test results are different from normal production (con- 
trol test). A brief explanation of each of these tests will be given, 
but for the basic theory the reader is referred to the Bibliography 
of this paper. 
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SraTisTicaAL COMPARISON OF TEST RESULTS 


In the statistical comparison of test results the usual procedure 
is to figure the mean and standard deviation of the individual 
electrical characteristics for both the special and control tests, 
and then be sure that a controlled process exists. The question 
which then arises is, “Are these means and variations statistically 
different between the special and the control tests?” In order to 
determine this, various statistical tests of significance are applied. 
One of these is the ¢ test. This determines on the basis of the 
sample size whether the “averages” are significantly different 
from each other. The ¢ test may be subdivided into two cate- 
gories, i.e., that of paired, and that of unpaired variates. In all 
cases where control tests are run along with special tests, it is 
possible only to use the ¢ test for unpaired variates. In other 
cases where partial special tests are run without control tests, 
such as in checking test equipment, the ¢ test for paired variates 
isused, This is illustrated in Example 4. 

The L, test is used to determine the significance of differences 
in “variance” between the special and control tests. The meth- 
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ods of computing the values of the ¢ and L, are shown in ex- 
amples 1 and 4, and the significance is determined from tables 
prepared for the purpose.* 

Where there are more than two means and/or variances to be 
compared, the F test is generally used. Example 3 is an illustra- 


tion of the use of this F’test. Where correlation studies are indi- 
cated, the coefficient of correlation and line of regression are com- 
puted. 

If the results of the special tests show fairly significant differ- 
ences or are borderline cases, it is usually the procedure to send 
through a larger representative sample; perhaps a day’s produc- 
tionor more. The control for this test is actually normal production 
before and after the large sample is run. In running this larger 
test care is taken to see that all parts and processes are random- 
ized as is normal production. If three machines and three opera- 
tors normally work on one of the tube processes, then this test is 
run so that the tubes are randomized among these machines and 
operators as they are in normal production. 

After the tubes are tested for electrical characteristics, the 
results are statistically compared to normal production. The 
method of best presenting the results of this comparison has been 
found to be by cumulative frequency distributions, sometimes 
plotted on probability paper. This not only gives the shape of 
each distribution but enables one to estimate the average and 
standard deviation as well as per cent defective. This type of 
comparison is illustrated in examples 1 and 2. Where it is 
thought necessary, statistical tests of significance are also applied 
to these large sample sizes. However, in most cases a study of 
the curves together with the small-sample analysis are sufficient 
to determine whether or not to change normal production 
over to the new procedure. 


Pitot TEsts 


As mentioned previously, there are instances where special 
tests are run in about the same manner as normal production. 
The cause for running this test (which is called a “pilot test’’) is 
to determine if the yield of percentage of good tubes can be in- 
creased. The principle used is first to observe every process in 
the production of the tube. During this observation period re- 


ferred to as pilot test 1, no corrections are made but are merely 


noted. The results of the yield of this are tabulated with all 
possible discrepancies. Then pilot test 2 is run with all cor- 
rections applied. The corrections are decided upon by engineers 
who consult with foremen and test observers. 

Fig. 5 shows the yield of a certain tube (not yet out of the de- 
velopmental stage) plotted over a period of time. Note the 
yield of pilot test 1 and then note the upward trend resulting as 
corrections were applied. Pilot test 2 showed almost a 71 per 
cent increase in yield over pilot test 1. The yield on this tube 
has continued along the yield obtained by pilot test 2. 

The examples given in the appendix are taken from case his- 
tories of recent special tests. They have been selected as repre- 
sentative cases of actual production and are believed to be self- 
explanatory. The number of these tests being run and the re- 
sults obtained from them can be illustrated by the following 
figures for April, 1945: 


Number of those completed showing improvements....... 16 


The program, as explained in this paper, is being followed ac- 
tively at the present time. It is helping to produce the highest- 
quality product. In the postwar period the ultimate consumer 
will derive benefits in the form of increasingly good quality. 


3 Tables are available in various texts on the subject. 
Bibliography following.) 
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Appendix 


SpectaL Test Run As ReEsutt oF SUGGESTION TO 
IMPROVE QUALITY 


EXAMPLE 1 


On one tube type the electrical characteristic ‘‘grid current” 
was the cause for a fairly large percentage of loss. The engineer 
decided that a change in the method of assembly would narrow 
the tube-to-tube variation and eliminate a considerable number 
of electrical defects. 

After considering the daily production schedule and the num- 
ber of possible variables present, it was decided to send through 
a special test of 50 tubes together with a control test of 50 tubes. 
For the control test, every part used came from the same lot of 
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material and all processing operations were made by the same 

operators and on the same machines, under the same conditions 

as the special test, except for the one variable being tested. 
The following results were tabulated for the grid characteristic : 


Test Control 
Standard deviation (0), ma........... 4.2 Fe 


Were these results statistically different? The statistical ¢ 
test was applied to determine the significance of the difference 
between the averages, and the ZL; test was applied to determine 
whether this difference in averages was due to inequality in vari- 
ances, 

For the ¢ test, applying the formula 


d 


we have 


4.6 
/890. + 2518 l 1 
50+ 50—2\50 50 


which for 98 deg of freedom is significant. 4 
Applying the formula for the 1, test 


2 
= 


8,282 


where 
= 1/2(s,2 + 8,2) 
we have 


_ (17.8) (50.4) 


(34.1) (34.1) 


= 0.78 


+s = 1/,(17.8 + 50.4) 


The value of L; for sample sizes of 50 is 0.9612, beyond which 
lie 5 per cent of all values of Z;. The value 0.78+ is far below 
this and indicates that the variances of the two assumed norma! 
populations from which these samples were drawn differ signifi- 
cantly. 

Because of the results in the special test of 50 tubes, it was de- 
cided to obtain a larger representative sample by running at least 
a day’s production with the new assembly technique. In doing 
this the day’s production was run with all shifts, all machines, 
and other variables that would be encountered in normal produc- 
tion. The distribution curves plotted on probability paper, 
Fig. 6, will give approximately the whole comparison as follows: 


Test Normal production 
Per cent defective............. LO 14.0 


The actual yield (per cent good from starting 100 assemblies) 
showed an increase from 74 to 83. This increase in yield repre- 
sents a monthly saving of $2500 to $3000, based upon the current 
production schedules. 


4 Degrees of freedom represent the number of independent values 
in the comparison. 
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The following nomenclature is used in this section: 
difference between means 

X, = individual value of each special-test reading 
NX. = individual value of each control-test reading 


X, = average of special-test readings 
X. = average of control-test readings 
nm, = sample size of special test 

n. = sample size of control test 

s2 = variance of special test 


s2 = variance of control test 
o = standard deviation 


kxaMPLE 2. Specrat Test Run to Repuce Hicu Per Centr 
DEFECTIVE AS SHOWN BY STATISTICAL CHARTS 
On a very critical tube type the per cent defective chart, Fig. 


7, indicated a large loss at test due to a plate-voltage characteris- 
tic. This characteristic is primarily determined by the relative 


spacing of certain elements of the tube, which had previously been 


done by mechanical means. The engineer decided an improve- 
ment could be obtained by spacing the tube electrically with a 
capacitance bridge. This equipment was built for the test and 
arranged so that a predetermined reading of capacitance could 
he obtained while the tube was being assembled (the correlation 
of capacitance and spacing is shown in Fig. 8). 

In using this fixture a small lot of tubes was made and the 
analyzed results indicated so much improvement that a special 
test was run on 420 tubes. These tubes were made on a com- 
pletely randomized basis so that a correct comparison could be 
made with normal production. 

Cumulative frequency distributions were plotted and are 
shown in Fig. 9. The results in the form of per cent defective 
are tabulated below: 


Normal production Special test 


Plate 15.0 0.5 


The reduction in gassy and shorted tubes was due to the more 
uniform spacing. 

Statistical tests confirmed the differences in plate voltage and 
capacitance to be significant. 

The device was put into use and the control chart in Fig. 7 
shows the results in improvement in losses and quality. The 
over-all yield on this tube increased 49 per cent due to this 
factor, and the dollar savings amounted to over $7500 per 1000 
tubes to stock. 
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EXAMPLE 3 CoMPARISON OF ExHaust SCHEDULES THROUGH 
User or ano F Tests 


Considerable difficulty was encountered in obtaining proper 
emission on a particular tube type. One of the possible variables 
which could affect this was the schedule by which the tubes were 
exhausted. 

The engineer ran a special test using four different exhaust 


schedules. The following results were tabulated: 
Exhaust 
schedule A B Cc D 
24 28 19 
Uiiveusewinerakas 28 20.2 27 21 


From the averages given in the table, schedules B and D look 
much better than schedules A and C. However, do the averages 
of these schedules differ significantly among themselves, or do 
they most likely come from the same homogenous population? 
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In order to determine this the /' test was applied (after applying 
the L, test which showed that the variances of the assumed nor- 
mal populations from which these samples were drawn were not 
significantly different). 

In the F test we simply segregate the total variances into the 
variances among schedule means, and the variances within 
schedule means. We compute the ratio and compare it to the 
known distribution of F ratio for random samples. In other 
words, “‘we compute the ratio of an estimate associated with a 
suspected ‘cause’ to the estimate which best defines the error 
of the experiment. If the probability is small, say, less than 0.05, 
that this ratio could have occurred by chance in sampling from 
normal populations of identical means and variances, the hy- 
pothesis that such were the populations is rejected.” 

The following shows the computation of F for the comparison 
of exhaust schedules: 


Sum of 
squares 


Source of 
variation 


Degrees of 


freedom Mean square 


>» 
Among schedules... — X)? K—1 = 
873.7 
— X-)? 
n—K 
116.0 


Within schedules... 2(X — ¥.)? 


9631.0 


— ¥)? 
10504 .7 


(2X)? 
n 


51080.55 — 50206.9 = 873.7 
=(X — X,)? = =X? — 
60711.50 — 51080.55 — 9631.0 

2 
= 
60711.50 — 50206.9 = 10504.7 
>X;)? DX;)? 
(2X1) 2) 3) +! 


where = 


The table of values of F for 3 and 83 deg of freedom produces 
the ratio of 2.72. Since the value of 2.501 is less than this, we 
must take it as an indication that the exhaust schedules all come 
from the same homogenous population and therefore they had 
no significant effect on the electrical characteristic. 

The meaning of terms is as follows: 


X = individual value of electrical characteristic 


n = sample size 
K = number of samples 
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ExamMPpLE 4 Controt Over Test EqQuipMENT BY 
MEANS OF CORRELATION BETWEEN TEsT SETS 


One of the methods of maintaining adequate control over test 
equipment is to check factory sets with standard laboratory sets 
for all electrical characteristics. Although this does not strictly 
adhere to the full procedure of running complete special tests in 
order to make these correlations, the actual testing procedure is 
considered in the category of a special test. 

The usual method is to take a small sample of tubes, test them 
on the one set, and then test them on the standard set (using the 
same operator). The results are then analyzed for statistical 
significance between averages by means of the ¢ test for paired 
variates. The following is a good example of what can be done 
with statistical tests of significance in such correlations on a cer- 
tain tube type: 

Electrical 


charac- 
teristic 


Factory 
average 


Statistical 
Difference significance 
Significant 
Significant 
Significant 

Not 


Laboratory 
average 


significant 
Significant 
Significant 
Not 

significant 
Not 

significant 
Significant 
Significant 
Significant 


~ 
S CONF 


Although many of these differences show statistical significance, 
only three of them were ‘‘practically” significant. The factory 
sets were recalibrated until these differences were not significant 

The ¢ test of significance is illustrated for the A” characteristic 
as follows: 


difference between means 

sample size 

sum of individual differences squared 
square of sum of individual differences 
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The Effect of Heat Loss on the Performance 
of Exchangers With Interconnected Walls 


By P. R. TRUMPLER,' NEW YORK, N. Y. 


Equations are derived for the calculation of exchangers 
in which the passage walls are bonded to each other, pro- 
viding substantially uniform wall temperature over any 
cross section normal to the flow. Results are presented 
for both countercurrent and cocurrent exchangers and 
an example illustrating the solution is given. 


NOMENCLATURE. 
The following nomenclature is used in the paper: 


h, = thermal conductance, based on surface A,, between 
metal wall and the surroundings at temperature @,, 
Btu hr deg Fu! 
A, = reference surface for h,, sq ft per ft of exchanger length 
heat flow from metal wall to surroundings, positive 
for heat flow to surroundings, Btu hr=! 
fluid-flow rate, lb 


c = specific heat at constant pressure, Btu Ib~! deg F-! 


h = fluid film conductance, Btu hr~! ft~? deg F~! 

A = surface washed by fluid, sq ft per ft of exchanger length 

6, = temperature of surroundings, deg F 

6 = temperature of warm fluid, deg F 

T = temperature of cold fluid, deg F 

» = temperature of metal wall, deg F 

z = length co-ordinate, parallel to fluid-flow directions, 
positive in direction of flow of cold fluid, ft 

L = exchanger length, ft 


Subscripts 7 and 6 refer to the fluids having those temperatures 
Subscript 0 refers to value at z = 0 
Subseript 1 refers to value at z = L 


INTRODUCTION 


Under certain conditions heat transfer between an exchanger 
ind its surroundings can have an important effect upon the per- 
formance of the exchanger. Evena small heat leak may apprecia- 
bly alter the temperature difference between the two fluids as 
calculated for adiabatic performance. Heat-loss effects are often 
appreciable where a small temperature difference between the 
fluids is required by the necessity for high thermal efficiency in 
the process, or where the exchanger operates at a temperature 
far from the ambient. Examples are found in plants for the sepa- 
ration of gases by deep refrigeration, and at the other end of the 
temperature scale, in the gas-turbine recuperator. 

For the case of a double-pipe exchanger the effect of heat loss 
has been investigated by Nesselmann.? The recent development 
of extended-surface exchangers, particularly for deep-refrigera- 


Development Engineer, M. W. Kellogg Company. Jun. A.S.M.E. 

“The Influence of Heat Loss From Double-Tube Heat Exchang- 
ers,’ by K. Nesselmann, Zeitschrift fiir die Gesamte Kalte-Industrie, 
vol. 35, 1928, pp. 62-67. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Toe Amert- 
CAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
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the Society. 


tion processes, has brought practical importance to another case, 
namely, exchangers of the general type shown in Fig. 1. For 
purposes of the present analysis this type is characterized by 
passages bonded together in such a manner that the wall-tempera- 
ture variation over any cross section normal to the flow is small 
compared to the temperature difference between the wall and the 
surroundings. 
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Typicat Hear ExcHaNnGcers INTERCONNECTED 


Fig. 1 


It will be seen that the results are applicable to exchangers in 
which the passages are not bonded together, provided the tem- 
perature difference between the various walls at a cross section is 
small. This is generally true of double-pipe or shell-and-tube 
exchangers in which either (1) the film coefficient of the shell 
fluid is very much higher than that of the tube fluid or (2) if the 
two fluids are exchanging heat at a small temperature difference. 

Under what conditions should the effect of heat loss be inves- 
tigated? The equations appear to yield no simple criterion. If, 
however, a rough estimate of the heat loss shows that the mean 
temperature difference based on terminal values is appreciably 
changed, a check for the effect of heat loss should be made. 

The performance equations derived in the following section 
are limited only by the usual assumptions, which require that 
conductances and specific heats remain constant for the length 
of the exchanger, and that heat conduction in the metal or the in- 
sulation along the length of the exchanger is not important. The 
effect of heat conduction through fins, wall, bonding material, 
and fouling films may be taken into account by correcting the 
individual film coefficients. 


CoUNTERCURRENT FLow 


The three basic equations are: 
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Weced@ = + — 0,)A,dz 
WyerdT = — T)dz 
Weced@ = heAe(@ — n)dz 
Eliminating » from Equations [2] and [3] 
WrendT Wocwlo _ 


| heAgdz 


Eliminating 7 and z by Equations [3] and [4], Equation [1] be- 
comes 


(:=4)| 


[6] 


+ ydx l)dy + ydx........[7] 


Substituting also 


Equation [5] becomes 


dy 
y 


1—p— be +D 
heA 6 h rAr heA 6 J 


(9) 


Using Equation [9] to eliminate y from Equation [4] we deter- 
mine z as a function of z 


1+@+D— Dez ax? 


where 


heAg h 


1 1 
K = Wee | —— 


Integration yields 


1 + 
—(D—1+r— 


r=V(D—1 +a)? + 4a 
*= + (a+ D—1) 
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(Q) COUNTERCURRENT FLOW 


kic. 2 


Integrating Equation [9] and eliminating 2 by Equation [12] we 


obtain y as a function of z 


y 


Yo 


where 


l D 
n= r D+ 1 h, 220) 
2r 


2r 


UeAe D+1 hA ( D 1 
2W hyA T 


_ Usde 
q 


Weel" ( 


heAgs + hyAy ( 


| +a)? + 4a 


Equations [12] and [14] completely define the exchanger per- 


formance. Two special cases will be noted. 


hA, = 0 


Then 


which is the equation of the adiabatic exchanger. 


1 D 
-Jr+D 1+ h,A,(1 22) — + 
heAe 


h rA 


f 


[2] 
| 
— = = 
eee The variables may be separated if we make the transformation 
| 
Wrer 
r=V(D 
D + 1 
aff Woece h,A, h,A, W oce 
4, 
D 1 a=0Q0 r= D—1 n= 1 
heAg = m=0 p=0 
where and 
UeAe Wee 
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h,A, ~ © with other film coefficients finite 


h,A, heAg 


and Equation [14] becomes 


heA 
y = ( — — 6,)exp :) [16] 
W Wrer 


Exchanger Length. The calculation of exchanger length is of 
prime importance to the heat-transfer engineer. The length may 
be determined by the following procedure: 

From Equation [4] 


1 


L L 
m 7 
(@—T)dz = ydz = yo — —1) + yo 
0 0 p q 


(et —1).. [19] 


Three of the terminal temperatures must be given in the state- 


ment of the problem. There are four possible combinations of 


the three temperatures, and the solution for each case will be 
given. 
Case 1. Given 6, and Ty: 
From Equation [14] 
6,—T, = yome?" yoned” 


Substituting Equations [19] and [20] into Equation [18] 
W rer (* + W eco + m + n 
h \% — To heAe \ To p q 


Wee 
m r r) + n (: + 
q 


Equation [21] fixes the value of L. 


Given T:, and Te: 
Substituting @, from Equation [20], the solution is 


h rA T To h To 


l W oce 1 W ace 
- — -— . [22 
(: hoA ) (: heA 


Case 3. Given @, 6, and 7: 

The solution may be readily obtained by changing the direc- 
tion of the z-axis and interchanging subscripts 0 and 1 of the 
terminal temperatures. Note that this requires changing 2 to 
zr, in the equations defining m and n. The solution is 


0, — T, heAe 0, — q 


Jen +n (+ ; [23] 
rAy 


Case 2. 


Case 4. Given and 


The solution is found as in Case 3 
Weer (7 5, 
6; T; heAe 6, 


1 wes) ( 
= +-— PL + — — 


Calculation of Heat Loss: ° 
Case 1. Given 6, and 7'o, or 6, T;, and 7: 
T, or 6; may be calculated from y; where 


= + yonet” 


Knowing the terminal temperatures, the heat loss may be calcu- 
lated 
Case 2. Given 6, 7), or 
T°) or 6 may be calculated from 
— To 
—— = me PL + 
Note that 2 must be changed to z, in the equations defining m 
and n. 


PARALLEL FLow 


The three basic equations for parallel flow are 


WwW 
<a 
a 
= 
Ww 


(b) PARALLEL FLOW 
Fie. 3 


—Weced@ = + h,(n — 0,)A,d2 [26 


WetedT = hpAg(y — Tds.................- [27] 


—Woced@ = heAo(@ — n)dz................... [28] 


By a treatment similar to that for countercurrent flow the solu- 
tion is found to be 


hrAr heAge 


hrAr heAg hA, 


where 


+ 1 


r= V (D + 1—a,)? + 4a, 


+ (D + 1—a,) — 
Gaze + (D ++, 


R 


1 D 
mis, >= 
2) 
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mn 
IT + dé = (@— T)dz..{17] 
or 
Wrer W ace 
’ 
(T, — To) + — (0; — 6) = (@ — T)dz. . [18] Seg 
hyAr heAe 0 
Also 
T 
p q 
t= 
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and EXAMPLE 
: An exchanger of the type shown in Fig. 1 is employed to ex- 

Yo spl tie ale change heat between two air streams. Stream @ with a flow of 
where 10,000 Ib per hr is to be cooled from 1000 F to 350 F by 9500-Ib 
per hr air entering at 300 F. Each air stream has a surface of 50 
1 ) 1 sq ft per ft of exchanger length and a corrected film coefficient 

== — <7, — D— 1 —h,A,(1 — 2m) | 
2r, (; Ag hr of 20. The exchanger is lightly insulated, and the outside con- 
’ ductance, based upon a surface of 5 sq ft per ft of exchanger 
1 length, may be considered uniform at 1 Btu per hr per sq ft 

=— D + 1+4h,A,(1 — 2x) | — — — 
(2. hrA -) per deg F. Consider the specific heat of the air for each stream 


Wells D 1 


D l \ 
= — D-—-1—h,A 


Wece 


If h,A, © 


heA hrA 
= (0) — 0,)exp — 0,)exp :) [32] 


Exchanger Length. The equation corresponding to Equation 
[18] is 


L 
Wrer Wee 
(0: — = va (@ T)dz. . [33} 


L L 
=f ydz = yo — (e? — 1) 
0 0 Pe 


Case 1. Given %, 0, To: 
Wrer (2: Wece *) + m. + 
Wrer) peL (2 Weer) 
Case 2. Given 6, T;, To: 


Wrer (2: B) (7 = 4 Mey Me 


6 — To heAe \% — To Pe 
1 Weee\ (: 1 


Case $8. Given 6, 6:, T:: 


1 Wrer (+2 Weer 
(+ Zen), +n,\ + e . [87] 


Note that 2 becomes 2; in m, and n,. 
Case 4. Given &, Ti, To: 


hrAr T; heAe \@, — Pe 
1, Woee\ _ 1 | 


/ 
Note that 2» becomes z in m, and n,. 


as constant and equal to 0.25 Btu per lb. Surroundings are at 
100 F. Calculate the outlet temperature of the cold stream and 
the required exchanger length. 

Solution. (Countercurrent exchanger) 


9500 
&—0, 350 — 100 
5 
&—T. 350 — 300 
heAg = 1000 
= 1000 
1.0531 
(2 + 0.010265 


r = (0.053 + 0.010265)? + 0.04106 = 0.212 


1 
= —— 0.212 — — .00205 = 0.593 
m wan 0.053 — 5(1 10) (0.002053) \ 0.598 


1 
1— = 0.407 
fn al 212 + 0.053 + 5( 10)(0 onansay 0.407 


1 
1000 1000 1000 
498 1.053 1 
0.212 — 0.053 — 5 
= 0.01583 
498 1.053 1 
hes 
20,000 X — 1058 aa) 
= —0.0264 
> = 350 6, = 1000 T, = 300 
1000 — 300 1000 — 350 


0 — To 350 — 300 O%—T. 350 — 300 


Using Equation [21] 


9500 xX 0.25 10,000 x 0.25 0.593 
(2500 14) (10000 028 a5) 4 


1000 1000 0.01583 
0.407 1 9500 X 0.25 
015831 
1 X 0.25 
+ 0.407 & ) exp(—0.0264L) 


Simplifying 
2.26 = exp(0.01583L) — 0.372 exp(— 0.0264L) 


By trial and error 
L =: 54 ft 


: 
| 
Hig, 
If h,A, = 0 
| 
bed 
+ yo— (e 
e 
( 
a 
le 
o 
° 
Cc 
ch 
ae 
th 
le 
: 


Cold Gas Outlet: 
” = 0.593 exp(0.01583 X 54) + 0.407 exp(—0.0264 x 54) 
= 1.491 
1000 — 7, 
350 — 300 
T, = 925 F 


For Adiabatic Exchanger: 
10,000 650 = 9500(7, — 300) 
y if = 984 F 


Mean temperature difference = L.M. of 50 and 16 = 30 deg F 
U = 10 


2500 650 


Exchanger length = = 108 ft 
30 x 10 x 50 
TABLE 1 COMPARISON OF EXACT AND ADIABATIC VALUES 
Exact Adiabatic 
Outlet temperature, cold gas, deg F............... 925 984 
Temperature difference, hot end, deg F........... 75 16 
Exchanger length required, ft.................... 54 108 
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Discussion 


R. 8. Leien.* In reviewing this paper, mathematics and dis- 
cussion of the author’s derivation are to be omitted, since the 
writer agrees with this method as being one of several equally 
accurate methods. available for use, although a much simpler 
method will now be given. 

For the better understanding of the problem two sets of curves 
have been drawn, Figs. 4 and 5 of this discussion, based on vary- 
ing lengths and varying degrees of insulation, with all other fac- 
tors as in the paper. Case 1 is set up as a completely insulated 
exchanger where the loss through the insulation is taken as zero. 
Case 2 is a moderately insulated exchanger with the over-all 
coefficient from either the gas side or the air side to the outside 
equal to 0.214 Btu hr~! ft-* deg F-'. This corresponds to 2 in. 
of 85 per cent magnesia. Case 3 is the lightly insulated exchanger 
as used in the example by the author, where the over-all coefficient 
equals 0.952 Btu hr~! ft~* deg F.~! 

After calculating the exchanger, taking lengths of 27, 54, 81, 
and 108 ft, we find that the losses through the insulation and out 
the stack result in the curves shown in Fig. 3. In any heat-trans- 
fer apparatus or part of a heat cycle, the item of interest is the 
over-all efficiency. In this case, it may be seen that for a lightly 
insulated (case 3) exchanger, there is a maximum efficiency at 
about 65 ft of length. To equal the efficiency of a 54-ft-long 
(ease 3) exchanger, the moderately insulated exchanger (case 2) 
would be only 37 ft long and the (case 1) perfectly insulated ex- 
changer would be 35 ft long. Naturally, the lightly insulated 
exchanger would have the lower gas temperature leaving, but 
this would be due to losses, not to greater efficiency. 

Fig. 5 illustrates the various gas and air temperatures obtain- 
able with varying amounts of insulation and varying exchanger 
lengths. Of interest is the fact that the log-mean-temperature 


_* Project Engineer, Development Department, Chase Brass & 
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100 


= 8TU 
90 | TOTAL INPUT IN Gas = [1000°-100°] « 10900x 0.25= 2.250000 | 
CASE 1: LOSSES THROUGH INSULATION ASSUMED =0 
CASE 2: INSULATED WITH 2”-85% MAG. U_Loss 0.214 


oa CASE 3: LIGHTLY INSULATED, ULoss = 0-952 
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Fig. 5 Gas anp Arn TEMPERATURES 


difference is fixed for any length, regardless of the amount of in- 
sulation. The quantity of heat actually transferred from the 
gas to the air divided by the over-all coefficient, 10 Btu hr-! ft-? 


as 
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deg F~-! times the area per foot of length times the length in feet 
equals the log-mean-temperature difference and is also constant 
for any given length. A solution based on this should give a 
simpler derivation than that in the paper. The amount of heat 
removed from the gas is simply this given amount plus the losses 
on the gas side. The amount of heat leaving the exchanger in 
the air is equal to this given amount minus the losses on the air 
side. 

The solution in which the insulation is neglected (case 1) is 
simple to calculate. From this calculation the number of 
Btu per hour actually transferred may be determined, as well 
as the log-mean-temperature difference for any given length. 
To this quantity of heat add the gas-side losses and divide by 
pounds of gas per hour times the specific heat, to obtain the gas 
temperature drop. Then subtract the air-side losses from the 
given quantity of heat transferred and divide by pounds of air 
per hour times the specific heat, to obtain the air temperature 
rise. 

Of interest is the slight difference between a moderately in- 
sulated (2 in. of 85 per cent magnesia) exchanger, case 2, and a 
completely insulated exchanger, case 1, indicating that the re- 
sults obtained in the paper were exceptional only because the 
losses were allowed to be excessive. 

The effect of the friction should be included in any problem 
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such as this, since the friction on either the gas or air side tends 
to increase the leaving temperature slightly. This gain would 
tend to offset the loss through the insulation. 

The use of standard symbols and nomenclature should be en- 
couraged and every effort bent to this end. 


AUTHOR’S CLOSURE 


The author is not aware of any other methods to solve the 
heat-loss problem, other than a tedious step-by-step integration. 
Unfortunately, no references are given in the discussion. The 
author cannot agree with Mr. Leigh that his method offers a 
solution to the problem. It should be obvious that the loga- 
rithmic mean cannot be used as the mean temperature difference 
in a nonadiabatic exchanger. 

Contrary to Mr. Leigh’s statement, the effect of frictional 
work on a fluid in a heat exchanger usually has negligible signifi- 
cance on the fluid temperature. This is true because the change 
in temperature with change in pressure, under adiabatic condi- 
tions (Joule-Thomson coefficient), is very small except for a gas 
near the critical region. For a perfect gas the Joule-Thomson 
coefficient is zero. If one wishes to take the effect into account 
the result is almost always a cooling, not a heating, of the fluid. 

The author regrets that, through ignorance, standard symbols 
were not used in the paper. 


. 
= 
ps 
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The treatment of temperature-uniformity problems by 
the method first introduced by Paschkis is extended and 
enlarged. It is shown that uniformity calculations can 
be reduced to the solution of a simple trigonometric rela- 
tion which can be readily solved and analyzed. Standard 
Gurney-Lurie charts for cylinders and spheres are given in 
a more complete form than is available at present. A 
chart is included for determining temperature history in 
plates subjected to two-dimensional heat flow. Finite 
cylinders are discussed and three-dimensional heat-flow 
problems are briefly considered. 


INTRODUCTION , 


temperature-uniformity problem results when a body 
is to be heated to a given surface and a given center 
temperature. Such a problem cannot be directly solved 
by means of the standard heating charts because the furnace 
temperature and the heating time required to produce the speci- 
fied uniformity are not known. The possibility of applying the 
simple heating and cooling charts of Groeber, Hottel, Schack, 
Newman, and others to temperature-uniformity calculations was 
first recognized by Paschkis.2- He prepared a set of curves from 
the Groeber charts and thereby introduced a fundamentally new 
parameter, which he called the “‘temperature-uniformity factor.”’ 
This temperature-uniformity factor, which he defined as (sur- 
face temperature — center temperature) /(surface temperature — 
temperature of surroundings), was obtained by eliminating the 
furnace temperature from the standard dimensionless tempera- 
ture ratio Y, used in all of the charts mentioned. By eliminating 
the furnace temperature Paschkis was able to derive a new set of 
curves from which, given only the final surface and center tem- 
peratures to which the workpiece was to be heated, the unknown 
furnace temperature and heating time could be found, provided 
that the following conditions prevailed: 
1 Workpiece was of a simple shape; plate, cylinder, or sphere. 
2 A suddenly impressed and thereafter constant furnace 
temperature was used. 
3 Workpiece had constant thermal properties, i.e., properties 
were temperature-invariant. 
4 There was constant boundary resistance throughout the 
heat period. 
5 Uniform surface temperatures existed, e.g., on opposite 
sides of a slab or plate. 


Unfortunately, these conditions are never met in practice, 
although in particular cases they may be approached. In gen- 
eral, the use of constant average thermal properties in place of 
the true temperature-varying properties results in relatively 
slight error. The assumption of simple shape introduces an error 


' Heat Transfer Research Laboratory, Columbia University. 

?“Electrische Industrieofen fiir Weiterverarbeitung,” 
Paschkis, Julius Springer, Berlin, Germany, 1932. 
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prpportional to the degree to which the actual shape approximates 
the assumed one, but it is difficult to measure the exact degree of 


approximation. The influence of boundary resistance is even 
more difficult to gage, because boundary resistance is, among 
other things, a function of the temperature difference existing 
between furnace and surface of stock and therefore is subject to 
wide variations during the heating cycle. 

In fuel-fired furnaces, constant furnace temperatures are 
virtually nonexistent. If the charge and furnace are heated-up 
together, the cold walls and charge will lower the initial furnace 
temperature. Even after the walls and charge are heated up 
there will still be temperature fluctuations caused by the tem- 
perature control. It may be argued that these latter temperature 
fluctuations are never very large, yet if they are compared with 
the temperature differences encountered in the stock at the end 
of the heating period it will be seen that they may have con- 
siderable influence on the temperature uniformity. Similar 
arguments can be made for cases where the cold charge is suddenly 
introduced into the hot furnace. 

Finally, uniform surface temperatures seldom prevail, whether 
the charge be heated from one or from all sides. Skids, hearth, 
contact with neighboring stock, corners, edges—all tend to pro- 
duce unequal temperature distributions on the surface. Never- 
theless, for the sake of obtaining some numerical values average 
conditions are generally assumed. Very often, even though only 
approximate, analytical methods yield valuable results. 

Of these factors the relative boundary resistance m is of par- 
ticular importance because the accuracy of the analytical solu- 
tion depends largely upon how accurately m is known. It has 
become standard practice to use an average surface heat-transfer 
coefficient in calculating the relative boundary resistance, the 
proper choice of the average value leaning heavily upon practical 
experience. In many instances the engineer has little to use as a 
guide and the boundary resistance used in his calculations may 
then largely be the result of concentrated wishful thinking. 

In general, surface heat transfer occurs mainly by radiation 
from some constant furnace temperature to a lower varying sur- 
face temperature. It is suggested here, as an initial step in 
placing the determination of a suitable average boundary resist- 
ance on a rational basis, that an average surface temperature be 
used in calculating the surface heat-transfer coefficient. For 
example, consider a slab, initially at 70 F, heated in a 2000 F 
furnace. If it can be assumed that heat transfer takes place 
largely by radiation, then the conditions illustrated in Table 1 
exist. Inthe table, column 1 shows various surface temperatures 
of the slab; column 2 shows h values for black-body radiation 
from 2000 F to the given surface temperature; column 3 shows h 


TABLE 1 HEATING-UP DATA FOR SLAB IN 2000 F FURNACE 
Surface temperature, h Temperature 
deg Btu/(sq ft) (hr) (deg F) h/102 (deg F)/2000 
0 31.2 0.306 0 

200 35.0 0.344 0.1 

400 38.8 0.390 0.2 

600 43.3 0.425 0.3 

800 49.0 0.481 0.4 

1000 54.8 0.537 0.5 

1200 62.0 0.608 0.6 

1400 70.0 0.686 0.7 

1600 80.0 0.785 0.8 

1800 90.0 0.883 0.9 

2000 102.0 1.0 1.0 
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expressed as a fraction of its value at 2000 F; and column 4 the 
surtace temperature expressed as a fraction of the final value of 
2000 F. It can be seen that h is directly proportional to the sur- 
face temperature over a large part of the temperature scale, the 
proportionality becoming better as the temperature increases. 
This latter fact is particularly important because the surface will be 
at high temperatures for a considerably longer time than it will 
be at low temperatures. It is evident, then, that a time average 
of the surface temperature will be nearly proportional to a time 
average of the boundary resistance m. A relatively simple 
method for determining the time-average surface temperature 
will be given later. 

In most instances the workpiece is heated to a center tempera- 
ture that will be as near to the final surface temperature as an 
economical heating time will permit. In problems of this type 
two m values must be used. One based upon the time-average 
surface temperature, to find the heating time; and the other 
based upon final surface temperature, to find the temperature at 
the center. To make this clear consider two identical slabs, one 
at the temperature of the surroundings, the other at a uniform 
temperature of 1000 F. The slabs are put into a 2200 F furnace 
at the same instant and are kept there until the surfaces reach a 
temperature of 2180 F. It is evident that when the surfaces of 
the slabs reach 2180 F (at different times, of course) their respec- 
tive center temperatures will, for all practical purposes, be very 
nearly identical. However, if the center temperatures are calcu- 
lated in the customary manner from heating and cooling charts, 
they will not appear to be the same because the average boundary 
conductances will be based in one case upon initial radiation from 
2200 to 1000 F, and in the other case on initial radiation 
from 2200 F to the temperature of the surroundings. What 
actually happens is the following: 

As the final surface temperature is approached there is little 
change in the boundary resistance because of little change in sur- 
face temperature. As a result, the center temperature which 
originally lagged considerably behind the fast-changing surface 
temperature, has time to catch up to the now slowly changing 
surface temperature and assumes values determined, not by the 
time-average surface temperature, but by the actual surface 
temperature at the end of the heating cycle. It is evident then 
that in any heating to a high degree of uniformity the center tem- 
perature should be determined from the boundary conductance at 
the end of the heating cycle. This can then be adjusted to take 
care of the slight lag which will still exist between center tem- 
perature and surface conductance. 

A temperature-uniformity problem therefore resolves itself 
into determining average and end boundary conditions, The 
first will yield the heating time, the second the furnace tempera- 
ture. The determination of the latter is the simpler and will be 
considered first. 


NOMENCLATURE 


m = relative boundary resistance, (conductivity)/(surface 
heat-transfer coefficient) (half thickness) 

m, = relative boundary resistance for two-dimensional heat 
flow, based upon half thickness in direction of z-axis 
relative boundary resistance for two-dimensional heat 
flow, based upon half thickness in direction of y-axis 
t’' = furnace temperature or temperature of hot ambient 

t = surface temperature 

center temperature 

uniform base temperature of solid 
time-average surface temperature 
temperature in solid at distance z from center 
t* = edge temperature of long rectangular rod 


3 
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. = dimensionless time (diffusivity)(time)/(half thickness 

squared) 

No = value of dimensionless time when surface has reached 

final temperature 

X, = dimensionless time for two-dimensional heat flow, based 

upon half thickness along x-axis 

Y, = dimensionless temperature ratio at distance x from cen- 

ter of solid (furnace temperature—temperature at 
point x) /(furnace temperature — base temperature) 

} = dimensionless temperature ratio at surface of solid 
(furnace temperature—temperature of surface) /(fur- 
nace temperature—base temperature) 

}° = dimensionless temperature ratio at center of solid, (fur- 
nace temperature—center temperature) / (furnace tem- 
perature—base temperature) 

dimensionless temperature ratio for finding average 
surface temperature (furnace temperature—average 
surface temperature)/(furnace temperature—base 
temperature) 


Ont-DIMENSIONAL 


It was pointed out that in furnace calculations it is customary 
to make use of dimensionless parameters, m, X, and Y. Many 
charts by Newman, Hottel, Bachmann, Gurney-Lurie, etc., have 
been plotted which give the temperature history of simple shapes 
like semi-infinite plates, infinite cylinders, and spheres. All of 
these charts, with the exception of Bachmann’s, are plotted as 
functions of m, X, and Y. 

Some modifications must be made in these standard charts be- 
fore they can be used for temperature-uniformity calculations, 
because neither the furnace temperature nor the heating time is 
known. However, once the surface and center temperatures of 
the workpiece are specified and the relative boundary-resistance 
factor m is determined, the furnace temperature and the heating 
time are fixed. To see that this is true consider the following 
equation, which applies to the heating-up of semi-infinite plate> 


= w4)(cos exp (—wytX) 


t, + (sin w,) (cos w,) 


Y,= 
k=l 


where w, is defined by the characteristic number equation mu = 
cot w, and 


t, is temperature, varying with distance z and dimensionless 
_ time X 

t’ is temperature of hot ambient—furnace temperature 

Y, is relative temperature at position z and time X 

t, is initial temperature of slab 


Now, it is a fact that in the expansion all terms after the first 
can be neglected for X in the neighborhood of 0.2, since for 
values of X larger than 0.2, these terms rapidly vanish. To 
illustrate the extreme rapidity of convergence, consider the first 
two roots of mw = cot w when m is equal to 1. The first root is 
w = cot w = 0.8603; the second root is w = cot(w + r) = 3.4250. 
Suppose X is equal to 1. Then, for the first root exp (—v*X) be- 
comes 0.477, and for the second root 0.0000076. Thus if only 
the exponential factor is considered, it is obvious that the second 
term in the expansion becomes insignificant; the trigonometric 
factor serves to reduce the numerical value even more. Since 
the values of X encountered in temperature-uniformity calcul«- 
tions are generally very much greater than 0.2, Equation [1] es» 
be reduced to 


2(sin w)(cos wr) exp (—w?X) 2) 


none w + (sin w)(cos w) 


a" 
AS 
| 
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where the first root of mw = cot w determines w. 


In the deriva- 
tion of Equation [1] it was assumed that the origin was at the 
mid-plane of the slab. Therefore at the surface x = 1 and at 
the center x = 0, and 


2(sin w)(cos w) exp (—w*X) 


(surface) Y = -——— = - vas {3} 
t'—t, w + (sin w)(cos w) 
= t 2(sin wep 4] 
t'’—t, w + (sin w)(cos w) 


where ¢ is the surface temperature and ¢° the center temperature 
of the slab. Dividing Y by Y° gives 


Y/¥° = cosw = [5] 
Equation [5] is plotted in Fig. 1 as a function of m; and since 
m, t, and t® are known, the unknown furnace temperature t’ can 
be found. To find t’, enter Fig. 1 with the known m as abscissa, 
go vertically to the curve for the plate and thence horizontally 
and read the ordinate. The ratio (t’ — t)/(t’ — ¢°) will hereafter 
be called the relative-temperature-uniformity ratio, since it is 2 
measure of the relative temperature uniformity existing bet ween 
stock and furnace at the end of the heat period. 
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Equation [5] shows that the furnace temperature is a function 
enly of the relative boundary-resistance factor m and the given 
surface and center temperatures. If it were possible to have an 
infinite heat-transmission coefficient h, m would become zero, cos 
w would also become zero, and the surface temperature would 
equal the furnace temperature. For any given surface and center 
temperatures m is a direct measure of the required furnace tem- 
perature. If mis large, which, other things being equal, is tanta- 
mount to having poor surface heat transmission, cos w approaches 
1. This means that a high furnace temperature is necessary to 
produce the desired uniformity. Conversely, if m is small the 
furnace temperature approaches the surface temperature as a 
minimum. The equation clearly shows that lower furnace tem- 
perature and better temperature uniformity within a given time 
ure obtained by increasing surface heat transmission from flame to 
stock, 

By comparison with the Gurney-Lurie-type charts it can be 
seen that small m’s also imply low heating times. The relation of 


furnace temperature and heating time to boundary resistance is 
shown in Fig. 2. The curves were obtained from Fig. 1 and 
illustrate how heating times and furnace temperatures increase 
with boundary resistance. The curves shown hold for a slab 
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heated to a surface temperature of 2100 F and a center tempera- 
ture of 2000 F. The dimensions and thermal properties of the 
slab are not given because the curves are intended to show trends 
only. For the sake of illustration no distinction was made be- 
tween average and end boundary conditions. 

In the introduction it was pointed out that the relative bound- 
ary resistance mis a function of the furnace temperature. Since 
the furnace temperature is not known, the relative boundary re- 
sistance cannot be directly determined, and inversely, since the 
boundary resistance is not known the furnace temperature and 
heating time cannot be calculated. One of the necessary calcu- 
lations in furnace design is a plot showing the relation of the sur- 
face heat-transmission coefficient to furnace temperature. This 
chart must be calculated from the various flame characteristics, 
such as thickness of flame, composition of the hot gases, amount 
of dissociation, luminosity of the flame, emissivity and tempera- 
ture of the surface, and the like. From this chart the surface 
heat-transmission coefficient can readily be converted into the 
relative boundary resistance m. Since the furnace temperature 
increases with increasing h, it will decrease with decreasing m. 
Suppose that the broken line in Fig. 2 is this calculated tempera- 
ture versus end m relation for the given flame properties. Then 
the intersection of the broken temperature line with the solid 
temperature line (determined from Fig. 1) gives the value of m 
and the furnace temperature that will, approximately, produce 
the desired temperature uniformity. 

The heating time is determined from the same heat-transmis- 
sion curve from which the furnace temperature was determined, 
but in this case an average mis used. To illustrate, suppose such 
a heat-transmission chart is available and that the time-average 
surface temperature over the heat period is known. With this 
average surface temperature the average surface heat-transfer 
coefficient can be read directly and therefore the average m is 
determined. With this m, the heating time can be found from 
the standard heating-cooling charts. The average surface tem- 
perature is found as follows: 


‘ Xo YaX 
avg 


where X, is the value of the dimensionless time when the final 
surface temperature is reached. Therefore 


> 2(sin w,)(cos w,) exp (—w,?X)dX 
J0 Xo(w, + sin w,cos w,) 
k= 1 
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> = w,)(cos w,) [1 — exp(—w,2Xo) ] 
w2Xo(w, + sin w, cos w,) 
k=1 


Since Xp is greater than 0.2 this can be simplified to 


Y [exp (w?Xo) — 1] _ t!—ta 


where ¢, is the average surface temperature during the interval of 
exposure. Eliminating Y, this can be written 


t'’—t, -y exp(w?X9) — 1 

Values of w? can be read from Fig. 3 and values of Y, from 
Fig. 4. The use of the charts will become clear from the following 
example: A 6-in. steel slab of diffusivity 0.5 sq ft per hr, con- 
ductivity 25 Btu/(ft)(hr)(deg F) is to be heated to a surface 
temperature of 1970 F in a furnace at 2070 F. The temperature 
of the surroundings is 70 F. Heat transfer is assumed, for sim- 
plicity, to take place by radiation only, although it should be 
noted that the method will apply to any heat transfer for which a 
curve can be drawn. What is the average surface temperature 
over the interval? What will be the temperature at the center 
at the end of the heat period? 
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The temperature-time curve of the surface is reasonably para- 
bolic. Therefore assume an initial average surface temperature 
of (2/3)(1970) = 1315 F. From radiation charts, for radiation 
between two infinite parallel plane surfaces, one at 2070 F and 
the other at 1315 F, the surface heat-transmission coefficient h is 
found to be 70 Btu/(sq ft)(hr)(deg F). Therefore m = (25)/ 
(70)(3/12) = 1.43. From standard cooling charts,* for m = 1.43 
and Y = (2070 — 1970)/(2070 — 70) = 0.05, Xo is found to be 
4.9. From Fig. 3, when m is equal to 1.48, w? is 0.565. There- 
fore w*Xy) = 4.9 < 0.565 = 2.77. From Fig. 4, Y, = 5.45 = 
(2070 — t,)/(2070 — 1970). Solving this, ¢, is found to be 1525 
F, 


The procedure is now repeated with the new ¢,. Fort, = 1525, 
h is 80 Btu/(sq ft)(hr)(deg F). Solving for m, we find it to be 
1.25. From this No = 4.35 is obtained and also w? = 0.628. 
From Fig. 4, for w*X9 = 0.628 & 4.35 = 2.73, Y, is read as 0.53. 
Solving, it is found that the average surface temperature is 1540 
F. This is sufficiently close to the previous value and further 
refinement is unnecessary. 

To find the center temperature proceed as follows: | For radia- 
tion between 2070 and 1970 F, McAdams’ gives an h of 110 
Btu/(sq ft)(hr)(deg F). From this m is 0.91 and from Fig. 1 
(t’ — t)/(t’ — to) is 0.629. Solving for 4 gives ts = 1875 F. 

The difference between average and end-boundary-resistance 
ratios is pronounced, and it is evident that quite different center 
temperatures will be obtained with both m values. Strictly 
speaking, neither temperature will be exact, but that obtained 
from the final boundary conditions will certainly be more correct 
than that obtained from average boundary conditions. 

The foregoing analysis was carried through for a semi-infinite 
plate. Equations similar to Equation [5] are derived in the 
Appendix for infinite cylinders and for spheres. It is sufficient 
here to remark that the curves shown in Fig. 1 for cylinders and 
spheres can be used in the manner described for the semi-infinite 
plate. Average surface-temperature equations can be easily de- 
rived. One restriction is placed on all these curves; they apply 
only for values of X equal to or greater than 0.2... However, this 
does not detract from their applicability because, as is shown, 
values of X encountered in temperature-uniformity calculations 
are always far greater than 0.2. 

Figs. 5 and 6 are included here because no standard heating- 
cooling charts of the Hottel type are available for cylinders and 
spheres, and temperature-uniformity calculations frequently re- 
quire the use of curves which give small temperature ratios accu- 
rately. Only the center temperatures are given. To find the 
surface temperatures, multiply the ordinate from Fig. 5 or 6 
with the corresponding ordinate from Fig. 1. Figs. 5 and 6 give 
Y° = (t’—t°)/(t' —t,), and Fig. 1 gives — t)/(t’—t°). The 
product gives (t’ — t)/(t’ — t,), from which the surface tempera- 
ture can be found. A more complete discussion is given in the 
Appendix and the relation is extended to include all in-between 
points. 

It should be emphasized that the relative temperature-uni- 
formity ratio and the uniformity factor are not single-valued 
parameters and do not in themselves determine a unique solution 
of the problem. To see that this is true consider the uniformity 
factors 1 — (1900/2000) and 1 — (3800/4000). The factors are 
numerically equal and give the same heating times, based upo! 
the Paschkis charts,? but they will not result in the same furnace 
temperatures. Similarly, a given relative temperature-unl- 
formity ratio has an infinite number of dimensionless time ratios 
X. The system is uniquely determined only by the parameter 
Y,m,and X. The relative temperature-uniformity ratio and the 
uniformity factor are auxiliary parameters which show certail 


’“Heat Transmission,” by W. H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1942. 
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relations that exist among the different variables; the former ties 
in the furnace temperature and the latter the heating time with 
boundary resistance and surface and center temperatures. Each 
depends upon the other; if taken together they eliminate the 
hecessity for using the standard cooling charts, but they cannot be 
combined into a single chart. 

Summary. In the preceding paragraphs simple equations 
have been presented which enable uniformity calculations to be 
made readily. It is pointed out that the simplicity of the rela- 
tions derived makes it a comparatively easy task to determine the 
mutually dependent furnace temperature and relative boundary 
resistance. Temperature-time-space curves are given to supple- 
ment and add to those available at present. 


Two-DIMENSIONAL Heat Flow 

The definition of temperature uniformity is based upon maxi- 
mum surface and minimum mid-plane temperatures. In two-di- 
mensional heat flow maximum surface temperatures occur at the 
edge. In the heating of a plate infinite in one direction only, for 
example, a long rod, or a short plate insulated on two opposite 
faces, if the origin of a rectangular system of co-ordinates is 
thought of as placed at the geometric center of the plate, Fig. 7, 
it is shown in the Appendix that edge, center, and furnace tem- 
peratures are related by 


(t’ — t*)/(t’ — t°) = (cos w), (cos w),......... [7] 


where as before ¢’ and ¢° are furnace and center temperatures, 
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| —+ — < 
\ + + — + + 3 + + + 
2 


498 TRANSACTIONS OF THE A.S.M.E. 


respectively; ¢* is the edge temperature; cos (w); and (cos w), 
are found from Fig. 1 by calculating the relative boundary re- 
sistances m, and m, for heat flow in the z- and y-directions, respec- 
tively, just as is done for one-dimensional heat flow. Since ¢* 
and t° are given by the specifications and m is assumed for the 
present to be known, the furnace temperature t’ can be found 


y= 


x 
Y= Yes 
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IN PLATE 


A chart similar to Fig. 1 can be plotted, but in place of a single 
curve there will be a family of curves with either m, or m, as 
abscissa and m, or m, as parameter. In general m, will not be 
equal to m,. 

If the sides of the body are of equal length, (cos w), will equal 
(cos w), and (t’ — t*)/(t’ — t*) will equal (cos w,)* = (cos w,)?*, 
since the two will be numerically equal. In this case the solution 
can be obtained from Fig. 1 and the standard heating-cooling 
charts. For example, let m, = m, = 1, and let the surface 
temperature be 2100 F and the center temperature be 2000 F. 
From Fig. 1 and Equation [2] 


(t’ — t*)/(t’ — t°) = (0.654)? = 0.428 


Therefore t’ = 2172 F. From Equation [18] of the Appendix 
the temperature ratio at the center is 


V (2172 — 2000)/(2172) = V/ 0.0781 = 0.2795 


From the cooling curves for m = 1, X is found to be 1.88. 

When the sides are not of equal length, the cooling charts for 
one-dimensional heat flow cannot be used. As yet only a few 
two-dimensional charts have been prepared (an unpublished work 
by Rohsenow and his co-workers at Yale University, under direc- 
tion of Professor Wohlenberg). To cover completely all con- 
ditions requires an inpracticably large number of such graphs. In 
the second section of the Appendix it is shown that the system, in 
so far as temperature-uniformity problems are concerned, can be 
completely defined by the six parameters m,, m,, x/y, Xz, 1 — 
t°/t’, and 1 — t*/t’. X, is the dimensionless time ratio, with 
thickness squared being the square of the length of the smallest 
side; z/y, a shape factor, is the ratio of the lengths of the sides. 
The other parameters have already been described. To cover 
completely all practical combinations of these variables would 
require (for 15 values of m, and 5 of x/y) 75 charts of conven- 
tional form for each of the two temperature ratios, or 150 charts in 
all. Such a presentation is obviously out of the question. If an 
intersection chart is substituted, however, it is possible, by im- 
posing a few restrictions which will be considered later, to cover in 
a single chart most of the cases met in practical applications. 
A chart of this type, applying to plates only, is shown in Fig 8. 

The chart is somewhat more difficult to use than the simple 
cooling charts, but some sacrifice in simplicity must be made in 
order to obtain generality. For temperature-uniformity calcula- 
tions m,, m,, z/y, and Y° will be known (Y° having been found 
from Fig. 1) and the unknown will be the relative heating time 
X,. To find X,: 


JULY, 1946 


1 With the given m, as abscissa go to the first quadrant and 
locate the intersection of the vertical from m, with the curve of 
constant m,. From the point of intersection proceed horizontally 
to the second quadrant and locate the point of intersection with 

2 With the given z/y as abscissa enter the fourth quadrant, 
go horizontally to m,; from my proceed perpendicularly to m, 
and thence horizontally to X. The intersection of this horizontal 
with a perpendicular from the value of Y ° located in the first step 
determines X. 

As an example, the case of the square bar, solved previously by 
using the one-dimensional cooling chart, is shown (dotted line in 
Fig. 8). In this case enter the fourth quadrant at z/y = 1 and 
the first quadrant at m, = 1. The intersection in the third 
quadrant gives X, = 1.88. 

Fig. 8 is not restricted to temperature-uniformity calculations, 
but can be applied to heating and cooling problems in general. 
However, in any problem neither X, nor X, should be less than 
0.2 for values of m equal to zero. For larger m values, X less 
than 0.2 may be used, a simple criterion being to refer to the 
Gurney-Lurie charts and find for what value of X the lines of 
constant m have not begun to curve. 

In the terminology of this paper X, will always be less than X,, 
because X, = X,(z/y)*. Therefore for small values of z/y, X, 
should always be calculated to find out if it is within the imposed 
limit. In general, though, small values of z/y will mean that heat 
flow in the y-direction is of negligible influence; therefore these 
cases can be treated as one-dimensional problems, using the 
standard charts. Fig. 8 can be applied to nearly all problems 
that cannot be treated one-dimensionally. 


Appendix 


Infinite Cylinders. Bodies having circular symmetry can be 
treated in a manner similar to that used for plates. The equa- 
tion, in dimensionless form, for the heating-up of an infinite 
cylinder, or a short cylinder insulated at both ends, can be written 


2Ji (ux) exp (—t*X) 
+ Ji*(uy) 


Y(z,X) = 
where u, is defined by Jo(u) = muJi(u). 

It is true also for cylinders that the values of X encountered in 
temperature-uniformity calculations are such that in the expan- 
sion all terms after the first become negligible. Therefore 
Equation [8] can be reduced to 


2Ji(u)Jo(u) exp (—u?X) 
$ Ji*(u) 
2J(ujexp(—u?X) 


(center J(u) + J(u) | 


(surface) y 


Proceeding as before 
Y/Y° = J(u) = (t’ (11] 


.quation {11] is plotted in Fig. 1 (see curve for cylinder). The 
furnace temperature is found in the same manner as was pre- 
scribed for the plate. The heating-up time can be found from 
the cooling chart for the cylinder, Fig. 5. Charts othér than the 
Gurney-Lurie type are not suited for temperature-uniformity 
calculations because they do not have accurate readability in the 
small temperature ratios. Charts are given only for center 
temperatures because, as was pointed out previously, tempers- 
tu.es for the surface can be found from the relation ¥°(¥Y/Y°) = 
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Y. This relation is exact for all values of Figs. 5 and 6 in which 
the temperature curves are straight lines and this covers prac- 
Little is lost by not being 
able to use this relation in the small remaining portion of the 


tically the entire range of the charts. 


charts beexuse Gurney-Lurie type charts are not suited for 
temperature ratios at small values of X; these can be found best 
by charts derived from short-time expansion formulas. 


Spheres. The equation for the sphere is 


@o 


(sin 


~ 


Y(r,X) v, cos exp (—v,2N) sin 
(sin (COs 


and the corresponding characteristic number equation is mv = 
(m — 1)tan v. Again, in temperature-uniformity calculations, 
all terms after the first can be neglected and the equation reduced 
to 


, (sin — v cos v) exp sin» 


(surface) Y = 2 [13] 
v — (sin v)(cos v) 
v — (sin v)(cos v) 
From the equations for the surface and center 
Y/Y° = (sin v)/v... [15] 


Summary. In the preceding paragraphs it has been shown 
that by eliminating the dimensionless time from the heat equa- 
tions for plates, spheres, and cylinders, simple equations result 
which relate surface, center, and furnace temperatures to bound- 
ary resistance. From these elemental relations dimensionless 


temperature ratios can be formed which make it possible to use 
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standard heating-cooling curves to find the time required to ob- 
tain the temperature uniformity. In addition, the 
simple temperature and boundary-resistance relations make it 


desired 


comparatively easy to determine the unknown boundary resist- 
ance, 

Temperature-time-space curves for cylinders and spheres are 
These curves 
are given for center temperatures only, but can be readily ex- 
tended to surface temperatures by the use of Fig. 1, and to all in- 
between points by forming the products Y° cos (wx), ¥ °Jo(ux), 
and °(sin vx) /v for plates, cylinders, and spheres, respectively. 
In all instances these relations are restricted to values of X equal 
toor greater than 0.2. 


given to supplement those available at present. 


Two-DIMENSIONAL Heat FLtow 


Supplementing the nomenclature previously given, the follow- 
ing additions will be used: 


Y° relative temperature for center (1 — t°/¢’),, 1 — 


Y* relative temperature for edge of a finite plate = (1 — 
t/t’),, (1 — t/t’), 
Y,., Vz, relative temperatures at surfaces perpendicular to z- and 
y-axes, respectively, when body is considered as a serni- 
infinite solid = (1 — t/t’),,1 — t/t’), 
Yee relative temperatures at mid-planes perpendicular to 


and y-axes, respectively, when body is considered as a 
semi-infinite solid = (1 — ¢°/t’),, (L— t°/t’), 


x distance from vertical mid-plane to surface 

y distance from horizontal mid-plane to surface 
d diffusivity 

time (not dimensionless) 

t, assumed to be zero 


: 
ry 
= 
[12] 
| 
k=] i 
ee 
j 


500 TRANSACTIONS OF THE A.S.M.F. 


Finite Plate. Intwo-dimensional heat flow essentially the same 
methods are applied as in one-dimensional heat flow. The heat- 
flow equation must now satisfy the differential equation 


at 
06 Ox? Oy? 


where z and y are rectangular co-ordinates indicating the direction 
of heat flow, and d is the diffusivity. Newman‘ showed that if 
Y, was the solution of 


dt/d00 = d(d*t/dzr?) 
and its boundary conditions, and Y, was the solution of 
ot/00 = d(0*t/dy?) 


and its boundary conditions, then Y,Y, was a solution of Equa- 
tion [16]. McLachlan,® following the method of Newman, 
showed that in the heating of solids the partial differential equa- 
tion is satisfied by a solution of the form 1 — Y,Y,, where Y, is 
the expansion part of Equation [1] and Y, is the expansion part 
of the same equation with y introduced in place of z. The corre- 
sponding heating-up temperatures are H, = 1— Y, and H, = 
1— ¥,. 

In two-dimensional heat flow the maximum temperatures will 
occur at the edges of the body and the minimum temperature at 
the center. The desired temperature uniformity will be given in 
terms of the edge and center temperatures t* and t°, respectively, 
and the following relations (see Fig. 7) then hold 


(edge) = 1—*/t’ = Y,.Y,, = 1— H* 


(center)  Y°=1—t°/t! = Yy¥ec = 1—H° 


To simplify the form of the equations let 
a, = 2(sin w)/(w + sin w cos w) 
b, = cos(wz) 
e, = exp(—w?X,) 
for heat flow in the direction of the z-axis. For heat flow in the 
direction of the y-axis, use the same notation but replace the sub- 
seript z by y. Then 


(edge) Y* = 17] 
(center) (oe), .. {18} 
Dividing Equation [17] by Equation [18] gives 

— — t°) = (cos w),(cos [19] 


Solution of this equation yields the furnace temperature. The 

heating time requires a solution of 

Y° =1—0°/t’ = (2sin w),(2 sin w), exp —X, [w,? + 
(w,r/y)?]}/(w + sin w-cos w), + (w + sin w+ cos w), 

This equation is plotted in Fig. 8. Only center temperatures are 


plotted. The surface temperatures can be found from Y°, Fig. 1, 
and the following relations, Fig. 7: 


(edge) = Y°(cos w),(cos w),.... [21] 


4 “Heating and Cooling Rectangular and Cylindrical Solids,” by 
A. B. Newman, Industrial and Engineering Chemistry, vol. 28, 1936, 
pp. 545-548. 

5 “Complex Variable and Operational Calculus,” by N. W. Mc- 
Lachlan, Cambridge University Press, #39; also The Macmillan 
Company, New York, N. Y., 1942. 
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(horizontal mid-plane) [22] 


Finite Cylinders. The handling of finite cylinders is the same 
as for finite plates. If the axis of the cylinder is taken in the 
direction of the z-axis, it follows, from the similarity between 
the heat-flow equations for bodies having circular symmetry 
and those for plates, that 


(t’ — t*)/(t! — t°) = Jo(u)(cos w), 


Values of (cos w), and Jo(u) can be obtained from Fig. 1; from 
their product the furnace temperature can be calculated. As in 
the case of two-dimensional heat flow in slabs, the solution of the 
heating time is dependent upon the preparation of the requisite 
temperature-timesspace charts. A chart similar to Fig. 8 can 
be prepared, or perhaps other methods of plotting, more con- 
venient in form, may be evolved. Equations for determining 
temperatures at points other than at the edge and center, for ex- 
ample, equations similar to Equations [20], [21], and [22] can be 
readily derived, the only restriction being that neither dimension- 
less time ratio be less than 0.2. 

The treatment of three-dimensional heat-flow problems fol- 
lows directly from the methods given for one- and two-dimen- 
sional heat flow. 

In two- and three-dimensional heat flow an additional com- 
plication enters in determining the average boundary resistance, 
because of the variation of surface temperature from edge to 
center of the face. Not only will a time average of surface tem- 
perature have to be determined, but also a space average, since 
the faces do not have uniform temperature distribution, sand 
therefore do not have uniform boundary resistances. 

Comment. In the preceding discussion only homogeneous 
solids have been considered. In the case of laminated solids in 
which the thermal conductivity may be different along the 
various axes, the value of thermal diffusivity may be correspond- 
ingly adjusted for the different directions, and the calculation 
carried out as usual. If the surface heat-transmission coefficient 
is different at the various faces, these different values of h may be 
used, the only limitation being that of maintaining symmetry: 
the values of m must be the same for any pair of paralle! 
faces, 
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Discussion 


F. 8. To the engineer who is familiar with practical! 
furnace design and operation, the paper would appear to offer 
some difficulty, because of the necessary assumptions which 
the author was forced to make in obtaining a_ practical 
solution. 

However, he has developed from his mathematical analysis 
certain facts which agree with test observations of heating fur- 
naces. Some of these statements are worth while emphasizing. 
For instance, the author states, ‘“‘As the final surface temperature 
is approached, there is little change in the boundary resistance, 
because of little change in surface temperature. As a result, the 
center temperature, which originally lagged considerably behind 
the fast-changing surface temperature, has time to catch up te 
the now slowly changing surface temperature.” 


6‘ Bloom Engineering Company, Pittsburgh, Pa. 
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By this statement he approaches the conclusions of Williams 
and Allen, who have previously stated that center temperatures, 
or temperatures under the surface of the material, follow the pat- 
tern of the surface temperature, and ultimately increase or de- 
crease at the same rate as the surface temperature. From this 
we can conclude that a temperature history or curve of center 
temperature will follow, at some later time, the temperature his- 
tory of the surface. In other words, if we plot surface-tempera- 
ture history for a piece being heated, we can approximate the 
history of the center temperature. 

If we go further in this analysis, we approach the conclusion 
that temperature uniformity ‘‘center to surface’? must be con- 
sidered with time. 

The center temperature knows nothing about what happens to 
surface temperature at any specific time, although it is similarly 
affected after some delay. This delay or time lag is a factor de- 
pendent upon material size, but is constant regardless of speed of 
heating, that is, a 6-in. square can be heated in 20 min or 6 hr, 
but still the time for center temperature to equal surface tempera- 
ture is the same. The magnitude of temperature difference is 
very large with fast heating, but after the proper equal time inter- 
val, temperature uniformity is the same. 
temperature uniformity by slow heating. 


We do not produce 


The author’s work as expressed in this paper stresses tempera- 
ture uniformity. The writer does not think he intended to con- 
vey this impression. Let us face this problem. We heat a slab 
to a surface temperature of 2300 F, center temperature 2250 F. 
It is taken from the furnace and lies on the mill table for 15 sec. 
The surface cools down while the center continues to increase. 
We end up in the mill with a mixture of temperatures which can- 
not be equalized. So why demand or think of perfect uni- 
formity. 

Temperature-uniformity data are lacking. What we need is a 
complete study of temperature differences “surface to center’ as 
related to specific industrial-mill operation. The author’s 
method of calculation could be used for such a study. As is 
quite general, we get tle “cart before the horse.” Similarly, we 
get ourselves involved in calculations which get nowhere except 
to scare engineers into being cautious where it is not necessary. 
Let us find out the temperature uniformity demanded by the 
process, 

The author also states, as his conclusion of the calculations, 
that a lower furnace temperature and better temperature uni- 
formity can be obtained by higher heat transmission. He means 
luminous flames, thick flame blanket, and greater wall area, 
which in turn means ample roof height. This factor has been 
seen time and again on many billet-heating furnaces where a 
heavy luminous flame produces a better seale condition and a bet- 
ter working piece in the mill operation. 

He touches gently on temperature control with which the 
writer fully agrees. There is no use soaking steel if the surface 
temperature is changing up and down. A 50-deg F temperature 
difference is easy to produce with such conditions. Good tem- 
perature control on heating furnaces is a necessity for uniform 
temperature distribution. It should be operated by measuring 
surface temperature, and in this manner a complicated heating- 
furnace operation can be reduced to the normal temperature- 
control problem. 

The author has presented an outstanding theoretical paper. 
It is too complicated for the writer fully to comprehend. He 
must be pretty close to the right answer, because his conclusions 
seem accurate. It is suggested that he study mill and furnace 
conditions and then calculate from surface temperature and 
mill data the permissible out-of-balance temperatures which mill 
operations can stand. 
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Vicror Pascuktis.?. The author is to be congratulated for a 
valuable piece of research. He refers to some previous work 
of the writer.2 It may be interesting to compare the two methods 
of determining the temperature uniformity as follows: 

In order to obtain a desired uniformity expressed either by the 
“temperature-uniformity factor” or by the “relative temperature- 
uniformity ratio,” a definite furnace temperature and a definite 
heating time must be applied. Both should be expressed in 
dimensionless units. The determination from the temperature- 
uniformity factor or the relative uniformity ratio compare as 
follows: 


Heisler Paschkis 
Unknown Determines the unknown from 
t—t 
a Gurney-Lurie charts j a = f(m, x) 
t’—t 
= f(m) Gurney-Lurie charts 
— 60 


The writer does not see a particular advantage of the new 
method above the known one and wonders what advantages can 
be claimed for it. 

The most important part of the paper, as far as one-dimensional 
problems are concerned, is that dealing with the dual relationship 
between surface temperature, furnace temperature, and m value. 

The recommendation that the heating time should be calcu- 
lated with the time average m lacks proof, and it would be inter- 
esting to obtain definite proof. Incidentally, the step-by-step 
method described for finding t, could be conveniently replaced by 
a procedure similar to that used in Fig. 2 of the paper. 

It seems regrettable that the paper does not contain curves 
for cylinders and spheres, similar to those presented in Figs. 3 and 
4, for slabs; also that the curves for the relative temperature-uni- 
formity ratios for rectangular bodies are not developed. Only if 
curves are available can it be hoped that functions such as those 
presented in this paper will be widely used in industry. It is 
hoped that the author will develop such curves and present them 
at a later time. The author seems to exclude from consideration 
convection-type furnaces which today certainly gain in impor- 
tance. 

W. Trinks.’ While the author presents an excellent mathe- 
matical study, it is, however, too involved and obscure for the 
average engineer and will, for that reason, not be appreciated. 
Many an engineer will spend a couple of hours on it and will then 
lay it aside. With a few changes the usefulness of the paper 
could be vastly increased. 

A sketch of the temperature distribution in a solid with nota- 
tion of the temperature differences which are sought would be of 
great value. 

In the “Introduction,” condition No. 6 should be added; 
namely, that at the beginning of the heating process the work 
blank has uniform temperature throughout. 

What is meant by the “time average” of boundary resistance 
m? This question is asked in view of the author’s statement that 
boundary resistance is to be constant. It may be advisable to 
define boundary resistance and to give the units. Several defini- 
tions of boundary resistance are current. 

The writer is at a loss to understand how the heat-transfer 
coefficient h is obtained when both the surface temperature and 
the flame temperature are alike. Can there be any heat transfer 
in that case? 

The author does not say how Equations [1] and [8] were ob- 
tained. It is surmised that Jo and J; are Bessel’s functions. If 
so, that fact should be stated. 


? Head, Heat and Mass Flow Laboratory, Columbia University, 
New York, N. Y. 


8’ Consulting Engineer, Pittsburgh, Pa. Mem. A.S.M.E. 
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In modern heating practice, we do not bring the surface of the 
work blank up to furnace temperature and soak it a long time. 
We do something else. We heat the work blank quickly to a sur- 
face temperature which is above the desired final temperature 
and then soak it in a somewhat cooler furnace section, where the 
surface temperature drops and the center temperature rises. It 
would be wonderful if the author could solve, with Bessel’s func- 
tions, the final temperature distribution which we obtain with 
that heating method. 


AuTuHor’s CLOSURE 


In the text the author has mentioned that Roshenow and ¢co- 
workers’ charts for two-dimensional heat flow have not yet 
been published. These charts have since appeared in the Febru- 
ary, 1946, issue of the transactions of the A.S.M.E. 

Both Mr. Bloom and Mr. Trinks stressed the desirability of 
solving problems involving step temperature functions. Mr, 
Bloom mentioned the case of a hot slab cooling on a mill table, 
and Mr. Trinks that of a slab heated quickly to a surface tem- 
perature which is above the final desired temperature and then 
soaking in a somewhat cooler section of the furnace. Many 
problems of a similar nature arise in metal heating. For ex- 
ample, in some types of heating operations, after the charge is 
brought to a given surface temperature, the furnace is turned off, 
and both charge and furnace are allowed to cool together. An- 
other case occurs in surface hardening by high-frequency induc- 
tion heating followed by internal quenching. Numerous others 
could be cited. Though the thermal operations involved are 
entirely unrelated physically, yet all of them are decidedly similar 
when considered in a mathematical sense. For instance the 
problem mentioned by Mr. Trinks is mathematically identical 
to the problem of surface hardening by high-frequency induction 
heating followed by an internal quench. Both of these can be 
readily solved by means of existing temperature charts, such as 
those shown in Figs. 6 and 7. In general all the problems men- 
tioned simply involve relaxing from an initial known tempera- 
ture distribution. The author is at present preparing a paper 
on the general solution of problems of this type. 

Mr. Bloom points out that center temperatures can be ap- 
proximated when surface temperatures are known, because of 
the constant time lag between equal surface and center tempera- 
tures. The magnitude of the time lag for any given surface- 
center temperature can be found from 


loge (cos w) 


= 
dw? 
where 
r = time lag in hours, 
d = diffusivity in sq ft per hr 
L = half thickness of slab in feet 
w = first root of m w = cot w 
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Values of w? are plotted in Fig. 3 and cos w in Fig. 1. Ob- 
viously, the time lag varies directly as the square of the thickness 
and inversely as the diffusivity. Because of the factor w, it also 
depends on the boundary resistance, decreasing as the boundary 
resistance increases. 

Regarding the ‘“time-average’”’ of boundary resistance, men- 
tioned by both Mr. Trinks and Mr. Pasechkis: It is true that 
in the mathematical problem boundary resistance is considered 
to be constant. However, in actual heating-up processes bound- 
ary resistance varies throughout the heating cyele. Therefore, 
in applying mathematical formulas to actual thermal problems, 
it is necessary to estimate in some way or other the average 
value of the boundary resistance over the heating period, sub- 
stitute this average value into the formulas, and solve as though 
the boundary resistance were constant, 
resistance can be based on 


This average boundary 
various thermal concepts. The 
author has suggested basing it on a time-average surface tem- 
perature. Even though, as Mr. Paschkis points out, this method 
lacks proof, it is nevertheless based on what appears to the author 
to be much more reasonable assumptions than those which are 
usually made. In fact, to the author’s knowledge, it is the only 
method advanced so far which is not based on hit or miss guess- 
ing. 

In regard to Mr. Paschkis’ query as to the advantages of the 
present method of solving temperature-uniformity problems 
over that previously used: The two methods are in fact com- 
plementary. In the previous method heating times and in 
the present furnace temperatures can be found direetly without 
resorting to Gurney-Lurie type charts. The present method 
covers a wider range of variables and requires just one simple 
chart, Fig. 1, in place of the three—each with a family of curves 
which are required in the method of Paschkis. ° 

Mr. Trinks is at a loss to understand how the heat-transfer co- 
efficient h can be obtained when both the surface temperature 
and the flame temperature are alike. By definition, for black- 
body’ radiation 


/100)4 


(T,/100)4 
h = 0.173 | 


where 


7, = flame temperature in degrees Rankine (F + 460) 


7, = surface temperature.in degrees Rankine 
h = Btu per sq ft, hr, F 
After factoring 7, — 7, from the numerator, this reduces to 
0.173 


(100)* 
and when 7’, is equal to 7, 


_ (0.173) (A) 
(100) 
Although A is finite, there can be no net exchange of heat be- 


cause no temperature difference exists. 
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Dynamic Behavior and Design of 


Servomechanisms 


By G. S. BROWN? ano A. C. HALL,? CAMBRIDGE, MASS. 


This paper aims to set forth the criteria that are impor- 
tant in the design of certain servomechanisms and to show 
how certain analytical procedures can be applied to almost 
any problem to define quantitatively the properties that 
the control should have in order to make the servomecha- 
nism perform in the manner desired. The nomenclature 
used is essentially that proposed by Draper (1).‘ It is used 
in the treatment of the problem of synthesizing a controller 
for a servomechanism whose controlled member is to be 
rotated and can be defined in terms of inertia plus viscous 
and coulomb friction, plus a load torque. The broad ob- 
jective of the designer is assumed to be that of designing a 
controller which will keep the dynamic error in controlled 
angular position of the controlled member a minimum 
under certain operating conditions. The transient and 
steady-state error for certain forms of motion, the criteria 
for stability, the effects of viscous friction, coulomb fric- 
tion and load torques on the desired performance, and 
other related matters are treated. Several nondimensional 
charts and tables are included in the paper and show 
quantitatively the performance of any particular servo- 
mechanism with a controlled member of the kind treated, 
when the system has the various forms of control. 


1 INTRODUCTION 


ERVOMECHANISMS (2) or, more generally, closed-cycle 
automatic-control systems have become during the past 
decade exceedingly important elements in, for example, 
manufacturing, the process industries (3, 4), the steering (5) and 
operation of ships and aircraft, and many important scientific 
devices (6). As the applications have been increased in number, 
the demands imposed on the reliability, precision, and speed of 
Fortu- 
nately, many of these demands have been satisfied because of 


operation of the mechanisms have also been increased. 


developments in the various branches of engineering and physics 
that have taken place simultaneously with the growth of auto- 
matie control, but at the same time the complexity of the mecha- 
nisms has often been increased. The result of all this has been 
that the design of servomechanisms or aytomatic-control systems 


! The first portion of this paper was prepared during the summer of 
1940, for the Subcommittee on Machine Design, Machine-Shop 
Practice Division of the A.S.M.E. At the request of the N.D.R.C. 
it was withdrawn from open publication and privately printed for 
restricted release. Sections | through 9 are substantially as originally 
written. Sections 10 through 12 have been added for this printing. 
Sections 13 through 19 have been adapted from an M.I.T. doctorate 
thesis by A. C. Hall and published for restricted distribution by the 
Technology Press. 

2 Director, Servomechanisms Laboratory, Massachusetts Institute 
of Technology. 

5 Assistant Professor, Electrical Engineering, Massachusetts Insti- 
tute of Technology. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Instruments and Regulators Division and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, 
of Tue:AMERICAN SocieTY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


has now become almost a science, so that for the skillful and 
straightforward design of a high-caliber system one requires, (a) 
a clear appreciation of the fundamental principles involved in 
the correct functioning of an automatic-control system, and (b) 
an accurate knowledge of the properties of the mechanisms of 
which it is composed. 

The purpose of this paper is to set forth in fairly simple terms 
the criteria that are important in the design of servomechanisms 
and to show how certain simple analytical procedures can be ap- 
plied to almost any system to define the properties that the con- 
trol should have in order to make the mechanism perform in the 
manner demanded. 


2 Facrors THar CHARACTERIZE A SERVOMECHANISM 


A servomechanism is a power-amplifying automatic-control 
system characterized by the presence of a control element that 
is actuated by some function of the “difference”? between the 
response desired of the system and its actual response. In other 
words, the system is error-sensitive, and the control is some fune- 
Usu- 
ally a continuous change in the actuating quantity or the input 
signal is to be followed by a continuous action of the controller. 
The input signals usually come from low-power sources and may 
be random with time, but are preferably continuous. Systems 
of this kind are closed-cyele continuous-control systems, and it 


tion of the “error” in the behavior or state of the system. 


is this closed-cycle property that identifies them as servomecha- 
nisms. Their component elements generally tend to be complex, 
and because of the dependence of the operation of their control 
upon the result of the control operation, their design must con- 
form to certain basic principles. ° 

Because of widespread application of servomechanisms the 
actuating and controlled quantities are found in diverse forms. 
In the servomechanisms used for the automatic steering of ships 
or aircraft the actuating quantity or input signal is given by a 
low-power device sensitive to the course setting on a magnetic or 
gyro compass, and the output or controlled quantity is the diree- 
tion in which the ship is headed. In servomechanisms used for 
the control of an automatic die-cutting machine, for example, the 
cutting head might be required to follow automatically a pattern 
laid out on a master pattern, or the contour of an existing mem- 
An application such as this would 
probably result in maintaining the angular position of a shaft 
operating at a high-power level automatically in synchronism (or 
in step) with the angular position of a shaft as established by a 
low-power mechanism. The input signal might be the angular 
position of a cam-operated shaft, and the controlled quantity or 
output might be the angular position of the lead screw carrying 
the cutting head. In practice the angular positions of the two 
shafts are‘compared by one of several means common in the art, 
a measuring device detects the error in the position of the output 
and establishes a control signal, a controller is actuated by this 
control signal and operates either directly on the shaft of the high- 
power member or through some accessory device to bring the 
output shaft into the desired position. 

Confusion occasionally exists among those working in auto- 
matic control, concerning the designation of a servomechanism 


ber, as in replica production. 
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and a servo. In this paper the entire array of apparatus begin- 
ning with the input member and going through to the high-power 
output member and including all measuring and control equip- 
ment is called a servomechanism. In particular, the torque, 
force, or power-producing member that is actuated by the control 
to restore the equilibrium condition is called a servo, or servo- 
motor. 


3. Basic Design PRoBLEM 


Since a servomechanism should perform in a manner that meets 
a certain specification, the design of the system should be carried 
out only after an analysis that yields performance data for each 
component mechanism, in a form readily subject to quantitative 
interpretation for design purposes, has been concluded. The com- 
ponent elements can be described in terms of certain quantities, 
and the analysis should be carried out in a manner that shows the 
relations that must exist among these quantities in order to pro- 
vide (a) a system that is stable and (b) a system whose tran- 
sient and steady-state operating errors are within the specified 
limits. 

This work is aided by subdividing the system into its essential 
component mechanisms, for example, the input member, the 
error-measuring element, the controller, the controlled member, 
and the output member. With all systems, good judgment is 
necessary in carrying out this subdivision, and in the more com- 
plicated systems a rather detailed subdivision may be desirable 
(see section 10). A block diagram representative of the manner 
of interconnection of these component mechanisms is, as a rule, 
readily drawn. After the analysis has been completed the per- 
formance of the mechanisms assigned to the various boxes in the 
block diagram can be defined, and their design and construction 
eventually carried out. If the performance specifications are 
reasonable the designer is limited only by cost, space or weight 
restrictions, availability of devices having the desired rating and 
characteristics, and so forth. In other words, the designer’s 
problem is basically that of reducing certain requirements to 
practice. 

To illustrate the procedure for the analysis of a simple mecha- 
nism, consider the block diagram shown in Fig. 1. Here the 
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Fic. 1 Buock DIAGRAM FOR A SERVOMECHANISM 
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Fie.2 Brock DIAGRAM FOR A SERVOMECHANISM SHOWING SYMBOLIC 
REPRESENTATION OF ELEMENTS 


entire system is represented by five elements: namely, the input 
member, the error-measuring device, the controller, the con- 
trolled member, and the output member. Each component ele- 
ment may comprise much apparatus but this is unimportant for 
the present. For a generalized treatment let the system be de- 
fined in terms of the symbols shown in Fig. 2, where 
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6,(t) = input disturbance as a function of time 

@(t) = response of output as a function of time 

e(t) = error between desired and actual response as a function 
of time 


T(t) = response of controller as a function of time 
T(t) = any disturbance applied to output as a function of time 
Also let these symbols be related in the following manner 
e(t) = O,(t) — O(t)............ 
T(t) = C(p)[e(t)]......... 
= Ho(p)(T.() + To(t)). .. 


In Equation [2] C(p) is a differential operator in the form of a 
polynomial in p, where p represents d/dt. It operates on the 
time expression for the error and thereby gives the time expres- 


‘sion for the controller response. It is called the “controller 


operator” and is to be determined from the analysis. Ho(p) of 
Equation [3] is also an operator called the ‘‘output member oper- 
ator.”’” Itis characterized by the physical properties of the device 
or process to be controlled. 

Since, in general, the control is intended to keep the error zero, 
the extent to which the objectives of the control have been 
achieved is best indicated by deriving the expression for the error 
in terms of the operators C(p) and Ho(p), the input signal @,(t), and 
the output disturbance 79(t). From Equations [1], [2], and [3} 


1 
(0,(t) — [4] 


1 + C(p)Ho(p) 


C(p)Ho(p)6(t) + Ho(p)To(t) 
1 + C(p)Ho(p) 
wherein C(p) is frequently the only design variable. Equation 
[4] is the basic equation for a closed-cycle control system such 
as that shown in Fig. 2, and the expression [1 + C(p) Ho(p)|~', 
being an over-all system operator or characteristic equation, sum- 
marizes the system behavior. This use of an over-all system 
operator [1 + C(p)Ho(p)]~! to summarize the theory of design 
of a closed-cycle system of automatic control originated, to the 
authors’ knowledge, with John Taplin in 1937, while he was a 
special student in electrical engineering at the Massachusetts 
Institute of Technology. Taplin no doubt recognized the simi- 
larity between the closed-cycle control problem and the feedback- 
amplifier problem as presented by Black (7) and Nyquist (8). 
The applications of automatic control are numerous and varied 
and it is impossible to say that @, 7’, or « always represents any 
particular quantity. Reference to a few of the applications cited 
in the literature will show that 6, 7', or « may be an angular dis- 
placement, a flow, a voltage, a torque, a light flux or any of the 
physical quantities commonly encountered. However, since 
interest in an analysis is usually stimulated by speaking in terms 
of some physical application, the control of an automatic replica- 
cutting machine is considered as an example. It is assumed that 
6,(t) is an angular displacement indicated by a delicate cam- 
operated mechanism which displaces a low-power input shaft in 
accordance with the motion 60(t) desired of a high-power output 
shaft. The error e(t) is assumed to be a voltage made propor- 
tional to error angle by any of the commonly used methods. The 
controller response 7'-(t) is assumed as a torque applied to 
the controlled member. The controlled member is a-lead screw 
carrying a cutting head. Thus the controller, in effect, serves 
also as the prime mover or servomotor for the lead-screw drive. 
Fig. 3 shows a schematic arrangement of the essentials of this 
system. 
The output member operator Ho(p) can now be formulated. 
The cutting-head lead-screw drive of a typical milling machine 
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Fig. 3) ScHEMaTIC DIAGRAM OF SERVOMECHANISM USED FOR ILLUS- 


TRATIVE EXAMPLE 


would comprise shafts, screws, gears, and tool holder and could 
be defined in terms of an inertia Jo, and a viscous-friction coeffi- 
cient fo. The output member would be subjected to a coulomb 
friction torque and a load torque, which jointly can be repre- 
sented as —T)(t). On the assumption that the parameters are 
constant or the system is linear for small ranges of operation, the 
differential equation of motion for the output member when 
considered as a single unit is 


fo T(t) T(t) 


Jo 
dt? r. dt 


. 


It is expedient now to express by p@ and by p74, and to 
dt dt? 
write Equation [5] as 


(J op? + |T.(t) T(t) | 


[5a | 


where the expression in parenthesis preceding 6o(t) is an operator, 
which operates on @(t) as indicated. When solved for @(t), 
Equation [5a] gives 


O(t) = [7'(t) — To(t) ] [6] 


Jop? fop 


which, by analogy with Equation [3], gives the output member 
operator as 


Ho(p) = Joep? + fop [7] 


The substitution of Ho(p) from Equation [7] into Equation [4] 
gives, after some reduction 


= —~ [(Jop? + fop)a(t) + To(t)] . . [8] 


1 
J op? + fop + C(p) 
Alternatively, if the input disturbance is a velocity 


w(t) = dt = 


(t) 
the error equation becomes 


e(t) = 
+ fop + C(p) 
:xpressions typified by Equations [8] and |9] are extremely 
useful in the design or analysis of control systems since they ex- 
press the error in terms of the parameters of the system, the input 
disturbance, the disturbing or load torques on the controlled 
member, and the controller operator C(p). When any mecha- 
hism is to be converted to automatic control, the problem for the 
designer is the synthesis of the simplest and most practical con- 
troller that will have the operator C(p) required to meet the speci- 
fied operating conditions. The next sections present a general- 


[(Jop + + To(t)]... [9] 
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ized treatment of the problem of deriving a form of the operator 
C(p) required by the various conditions of servomechanism opera- 
tion commonly encountered in practice. 


4 Form or ConTrROLLER OPERATOR 


In any particular application it would be desirable to know the 
expected form of the input disturbance and to choose the con- 
troller operator C(p) on the basis of a certain specified perform- 
ance under the expected operating conditions. In general, how- 
ever, the input disturbance is random, so that its description in an 
analytical form which is of much use in the analysis is usually 
impractical. It is common practice therefore to evaluate 
the performance afforded by possible designs on the basis of the 
nature of the transient and steady-state responses of the respec- 
tive systems to certain test disturbances. 

The well-known transient response of a system defined by 
Equation [8] or [9] is 


e(t) = A + + + ete...... [10] 


A direct guide to the simplest form of controller operator that 
will give a workable system is afforded by a characteristic de- 
manded of the exponents 7; and rz of Equation [10]. For instance, 
r; and re are the roots of the operator J:p? + fop + C(p) which 
may conveniently be a polynomial. Clearly the simplest form of 
C(p) that will make this operator a polynomial is 


and for the corresponding simple controller, Equation [2] reduces 
to 


Also, for the system to be stable r; and r, must have negative real 
parts, and if they are complex the magnitudes of their imagi- 
nary parts must fall within a certain range because of operating re- 
strictions. Hence the magnitude of k is obviously restricted. 

A further restriction on & can be deduced from the steady-state 
operating error given by the quantity A of Equation [10], which 
can be written down by inspection from Equation [8] or [9]. 
For a constant input angle 6, or a constant input velocity ,;, and 
constant load torque, the steady-state error is given by putting 
the operator p zero everywhere in Equations [8] and [9]. If then 
C(p) is defined by Equation [11], the steady-state errors become, 
respectively 


for @, and 7’) constant; and 


Sow, + To 


€ 


for w, and 7’) constant. 

A controller having an operator as just defined applies torque 
to the controlled member in proportion to the indicated error. 
Since this definition makes no allowance for response lag in the 
controller, which here is assumed to include the servomotor, a 
perfect element is assumed. Actually, of course, response lags 
exist in all controller servomotors encountered in practice though 
frequently the lag is negligible in comparison with the periods of 
response of the system as a whole. Section 10 discusses the prob- 
lem of treating the controller synthesis when the servomotor has 
response lags. Servomechanisms employing controllers charac- 
terized by Equation [11] are found frequently in practice. They 
are called simple-error controller servomechanisms and, as a 
rule, are confined to the class that involves prime movers rated 
less than a few watts for reasons that later are made clear. 
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The problem now to be handled is that of selecting the best 
value of k. Unfortunately, the selection involves a compromise 
because from Equations [13] and [14] high precision of operation 
requires that k be large and fo and 7’) small, whereas the stability 
restriction implied in Equation [10] imposes a limit on the large- 
ness of k or the smallness of fo, because the entire damping is here 
supplied by viscous friction in the output. Obviously the restric- 
tions on the magnitude of 7) are practical operating ones. The 
answers to these questions are best obtained from an examination 
of the transient response of the system, which is the subject of 
the next section. 


5 TRANSTENT RESPONSE OF ERROR-CONTROLLED 
SERVOMECHANISM 


The transient response of a servomechanism following the sud- 
den application of a constant disturbance to the input member 
gives data that are useful (a) for appraising the quality of the 
performance of the system as a whole and (b) for proportioning 
foand k to meet certain performance specifications. The response 
to this suddenly applied input disturbance completely character- 
izes the system. 

The transient solutions are herein given as dimensionless ex- 
pressions in a form convenient for engineering use, using the pro- 
cedure and notation introduced by Draper (1). Coulomb fric- 
tion and applied torque are neglected during the preliminary 
analyses since it is unnecessary to include them in order to evalu- 
ate the quality of the transient performance. Furthermore, their 
effects can be readily determined and taken into account by 
applying the principle of linear superposition of causes to give 
the total effects. 

For identification purposes a servomechanism comprising a 
simple-error controller defined by Equation [12] is classified 
herein as type 1. For this controller, and with coulomb friction 
and load torque neglected, Equation [9] has the following form 


1 
= Jo 0 
e(t) (Jo p + fo)w,(t) [15] 


where the subscript 1 in Equation [15] and the following indicates 
that the parameters are for the system with a type 1 controller. 

It is convenient now to define certain new symbols ¢ and wn 
by the relations (1) 


416) 


and to rewrite Equation [15] in terms of these 
symbols thus 


1 

e(t) = » 

p? + p+ wns 

(p + [18] 

In Equation [18] ¢) is the damping ratio, that e 

is, the ratio of the actual damping to the damp- : 

ing which would cause aperiodic response of the — 
system. It is a dimensionless parameter and of = _ * 
course equals unity for critical damping; wn ee 


is the undamped natural frequency of the sys- 
tem. 
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conjugate complex, equal reals, or unequal reals, that is, whether 
¢ is less than unity, unity, or greater than unity. The general 
form of the expression for the roots is 


ll 
! 
! 
£ 
& 
— 


where 7 is the characteristic time and , is the actual angular fre- 
quency. 

The complete solution of Equation [18] for the case when a 
velocity w, is suddenly applied to the input member with the sys- 
tem at rest and », is afterward maintained constant, and when 
the roots rj, rz are conjugate complex, is 


a T 
Wn} $1 V1 
sin 
$1 


Equation [21] thus gives the transient response and can be written 
jn a nondimensional form convenient for plotting as 


e(t) 1 —fSiwnit 
sin (0/1 — wal + 
. [22] 
where 
2¢ 
[23 | 
Wat 
and 
V1 — 
= tan"! [24] 
For the critically damped case Equation [22] reduces to 
(t) In t 
1 — omit + wat) [25] 
~ 
where 


The response of the system defined by Equa- 
tion [18] is oscillatory, aperiodic, or overdamped 
depending upon whether the roots of the denomi- 
nator of Equation [18] when equated to zero, are 
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The nature of the transient response is well illustrated by the 
family of curves in Fig. 4 which shows the dimensionless ratio 
“as a function of the dimensionless quantity wn, for various 


se 
values of 
be zero. 


Load torque and coulomb torque are assumed to 
If the viscous-damping coefficient fo is assumed to be 
the only variable in the system, wn; is constant. Hence when the 
family of curves is examined with respect to the dimensionless 
abscissa scale wat, the relative positions of the curves on the plot 
indicate the relative times of duration of the transient for the 
particular values chosen for ¢;. 

An inspection of Fig. 4 shows at once: (a) that for a type 1 
servomechanism with constant wn»; the actual time required for 
the system to reach substantially its steady-state error is practi- 
cally independent of ¢; when 0.6 < ¢; < 1.0, whereas the time 
required for the system to attain any substantial part of its final 
steady-state error decreases as ¢; decreases; (6) that the over- 
shoot or tendency to oscillate increases as ¢, is decreased; and 
(c) that the steady-following error is proportional to the ratio 
f:/wn. It follows therefore that any design of a type 1 controller 
is inherently a compromise unless certain specific performance re- 
quirements predominate, such for example as a given steady-state 
error at a given maximum velocity of operation of a given con- 
trolled member. 
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lig. 5 shows the dimensionless solutions of Equation [8] for the 
angle and torque disturbances considered separately. Notice that 
4 single family of curves satisfies both solutions if the ordinate 
seale for «(t)/@ for an angle disturbance is inverted to give the 


e(t 
ordinate scale ss for the torque disturbance. 
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6 ILLUSTRATIVE EXAMPLE 


The effectiveness with which the foregoing data may be used 
to direct the path of a typical design, and also the fundamental 
objection usually leveled at mechanisms with a type 1 controller, 
are readily demonstrated by the following example: 

Suppose a given output member is to be automatically con- 
trolled in angular velocity and position and that the controller is 
to be capable of driving this member at 120 rpm with a steady- 
state following error, due only to viscous friction, of not greater 
than x radians. Assume that the moment of inertia of the con- 
trolled member plus its connected servomotor is 1 slug ft?. 
Assume also that the system is to be critically damped. Deter- 
mine the control constant k,, and the viscous friction coefficient 
So. 


From Equation [23] 


= = = radians per sec...... [27] 
From Equation |17] 
ki = = 64 lb-ft perradian.......... [28 
From Equation [16] 
fo = Sok, = 16 lb-ft see per radian....... [29 } 


From the curves in Fig. 4 the system reaches the steady-state 
velocity in a dimensionless time wn,¢ of approximately 5.5, or an 
actual time ¢ of 5.5/8 = approximately 0.7 sec. 

The design constants and the time of duration of the transient 
are now known quantitatively. However, when it is realized that 
the power dissipated in viscous friction at maximum speed is 
fow,;?, which in practical units is 


16 X (4x)? 
550 


the objection to a type 1 mechanism is realized. It-is clearly ap- 
parent that the designer faces a difficult task when he comes 
to devise means to dissipate this power in viscous friction and to 
devise a controller that will be essentially instantaneous and linear 
in operation and develop torques as great as 200 lb-ft. Further- 
more, the entire viscous power serves only to damp the system, 
and serves no real productive purpose. 

Smaller damping losses are achieved by resorting to under- 
damped operation, accepting a larger error, or decreasing inertia. 
For the same steady-state error and inertia, but with ¢ reduced 
to 0.6, the new constants are 


[30] 


wa, = 4.8 radians per sec } 
k, = 23 lb-ft per radian | 
fy = 5.75 lb-ft see per radian 


The task of the designer has now been eased in proportion to £,?, 
and the power dissipated in damping reduced to 1.65 hp. The 
transient now exists for a dimensionless time wa;¢ of approximately 
5, so that ¢ = 5/4.8, or about 1 sec, compared with 0.7 see for- 
merly. The power lost in damping is still appreciable, however, 
and is the reason why viscous-damped servomechanisms are 
rarely built for power ratings greater than a few hundred watts. 


7 CONTROLLERS IN ABSENCE OF OuTPUT DAMPING 


The basic-error equation will now be examined to see whether 
the controller characteristic can be modified to permit the elimina- 
tion of output damping power loss. Assume first that substan- 
tially all the viscous damping in the output member is eliminated 
by appropriate modifications to the design. The damping term 
then disappears from the denominator of Equation [9], the damp 
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ing ratio ¢; becomes substantially zero, the system tends to per- 
mit sustained oscillations and hence is impracticable. If by 
appropriate redesign of the controller, however, a new controller 
operator C(p) can be obtained which has a term proportional to 
the time derivative of the error as well as to the error, a damping 
term is re-established in the denominator. The controller oper- 
ator then has the form 


C(p) =k + lp 


and for the system to be stable it is necessary only that the 
magnitude of the coefficient / be such that the roots of the expres- 
sion 


Je + C(p) = 0 


have negative real parts. 

This method of arriving at a desirable controller characteristic, 
while perhaps somewhat heuristic, is actually a very useful one 
because once the need for improvement in servomechanism per- 
formance is realized, the possibilities for achieving it by the design 
of a controller having the appropriate operator C(p) become obvi- 
ous after relatively little thought. 

The use of control coefficients proportional to the derivative of 
the error is not new. The features which make this so-called 
derivative control desirable were pointed out by Minorsky (5) as 
early as 1922, and used by him in experiments on the automatic 
steering of ships prior to 1930. Later treatments are given by 
Hazen (6), and Mitereff (23). For purposes of identification a 
controller whose operator involves only the error and its deriva- 
tives is herein classified as type 2. To increase the scope of the 
analysis both first- and second-derivative control are assumed and 
the controller operator is written as 


C2(p) = ky + Lp + 


In this expression ke, 2, and m: are positive real numbers, the 
subscripts 2 signify control coefficients for a type 2 controller, 
and the algebraic signs signify the possibility of designing the 
controller to apply components of torque in a positive or a nega- 
tive direction for a given error or time rate of change of error. 
Obviously, there is no choice regarding the algebraic sign before 
ke. 
The substitution of the expression for C;(p) in Equation [9] 
gives, when coulomb friction and load torque are neglected 


(Jop + fo)u,(t) 
(Jo = m2)p? + (fo + )p + ke 


ad (Jop + fo)w,(t) 
J2p? + fop + ke 


e(t) = 


where 
J, = Jo = m 


and So 


When Equation [36] is writtenin terms of nondimensional pa- 
rameters, the expression is 


+ Zarctewne 
p? + + wne? 


e(t) = 
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The general form of the roots of the denominator of Equation 
[38] are 


T2 = Jwne Vi = jur.... [40] 


The solution of Equation [38] in dimensionless form for the 
case of a velocity w; suddenly applied to the input member with 
the system at rest, with w; afterward maintained constant, and 
with ¢ less than unity is 


— 
$2 72 


— 1 


1 — $2? 


With critical damping the solution is 


t 
O 


where in each instance 


Equations [41] and [42] therefore indicate the transient re- 
sponse of a servomechanism with a type 2 controller when sub- 
jected to a velocity disturbance. 

When obtaining the transient response of a servomechanism 
with a controller which has derivative response, it should be re- 
membered that p*@, is an infinite impulse at £ = 0 when a velocity 
w,; is suddenly applied, and that both pé@; and p%@; are infinite 
impulses at ¢ = 0 when an angle is suddenly applied. If the law 
of control given by Equation [34] is assumed to hold at all times, 
and these particular test disturbances are applied, the controller 
is required to deliver an infinite torque for zero time at t = 0. 
This, of course, is a requirement that no physical controller can 
fulfill. Thus a word of warning is appropriate here concerning 
the matter of using the methods of Heaviside’s operational calcu- 
lus (2, 9) to obtain the solution of expressions of the form of 
Equation [38] for an applied step function of velocity or angle. 
Operational calculus methods as ordinarily applied will assume the 
controller to be ideal and to comply with the law of control at all 
times. Solutions performed using the methods of LaPlace (9, 22) 
will introduce the boundary conditions applicable to the particu- 
lar system conditions. The results given herein for the transient 
response of servos using derivative control recognize (a) that the 
maximum torque of the controller is limited and (6) that a finite 
torque applied to a mass member for zero time causes no change 
in its velocity or angle. The solution given by Equations [40] 
and [41] are derived on the basis that at a time immediately fol- 
lowing the application of a suddenly applied velocity, that is, at 
t = OF 


€, 9;, and 0 = zero; pe = pO; = w; 
= zero; = zero 
pe = 


An examination of Equations [86], [41], and [42] indicates 
certain points regarding the algebraic sign which should be used 
with the coefficients 1, and m, of Equation [34] to give the best 
system performance. For example, since the coefficient f: in 
Equation [36] must be positive to insure stability, and since the 
principal argument for derivative control is to allow output damp- 
ing to be negligible, only the use of the positive algebraic sig 
with the coefficient I, has practical significance. 


|_| 
sin ————* —} ].... (41) 
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For design purposes quantitative data concerning the effects 
of varying the magnitude of first-derivative response in the con- 
troller are highly desirable. If it is assumed, in the interests of 
simplicity, that the entire damping is supplied by 2, (the so- 
called derivative damping) a2 is zero and the steady-state error 
as given by Equation [43] is zero. Equations [41] and [42] for 
the transient response can then be written in a form convenient 
for the study of the effects of varying |, as 


| 


t)wne 
= ¢~ Saunt sin V1 | ... 
1 — ¢,? | =O 
for the oscillatory case, and as 


a: =0 


for the critically damped case. 
The nature of the transient response of the system now obtained 
is well illustrated by the family of curves in Fig. 6 which shows 
€(t)wne 


the plot of as a function of the dimensionless quantity wnef 


for various values of {To the extent that angle is considered 
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The task of making available a controller that will establish the 
component of first-derivative response with a high degree of 
fidelity is frequently somewhat difficult. When it comes to mak- 
ing available a controller that will establish a component of 
second-derivative response the task becomes one of another order 
of difficulty. Even the problem of providing a component of 
response that merely resembles second derivative is frequently 
difficult. It is highly desirable therefore that a designer have 
available quantitative data to aid him in balancing the cost of 
producing a certain amount of seeond-derivative response against 
the improvement in the performance of the system which the use 
of this amount affords. 

This matter concerns the question of both the algebraic sign 
and the magnitude of m2 which should be used in any particular 
system. Ona heuristic basis it might be argued that the intro- 
duction of second-derivative control is in effect the introduction 
of inertia. Negative inertia as afforded by the use of the negative 
sign with mz might therefore appear to be preferable in order to 
decrease the magnitude of the apparent inertia of the system. 
On the basis of this argument a coefficient m, equal in magnitude 
to Jp and used with the negative algebraic sign might appear to 
provide the optimum adjustment. It should be clear, however, 


dimensionless the curves in Fig. 6 are dimensionless. Load that values of mz greater than Jo used in conjunction with the 
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torque and coulomb friction are assumed zero in addition to out- 
put damping being zero. Since the abscissa variable w,2 is not 
affected by changes in /, this family of curves indicates directly 
the true relative times of duration of the transient for the values 
of % assumed. The curves also show some rather interesting 
conditions. For example, the error is substantially independent 
of f2 when wnaet is approximately 3. Also any benefits which might 
result from attempting to decrease the time of the duration of the 
transient by decreasing ¢; are offset to some extent by an increase 
in the peak magnitude of the transient error. Specifically, a 
decrease in {2 from unity to 0.8 decreases the time of the duration 
of the transient by about 30 per cent, but increases the peak error 
during the transient by about 13 per cent. Since a decrease in 
f: tends to decrease the controller design difficulties and costs, 
there appears therefore to be genuine merit in the use of a type 2 
controller adjusted to give values of { such that 0.6 < ¢ < 1.0, 
unless a system that oscillates even to only a slight extent is 
barred because of circumstances peculiar to the particular applica- 
tion, 


negative algebraic sign give negative values of Jo, make the sys- 
tem unstable, and hence are barred. Unfortunately, this argu- 
ment is inadequate for appraising quantitatively the benefits of 
specific amounts of second-derivative response. 

The work involved in preparing quantitative data for this 
problem can be simplified without much loss generality of the 
results by again assuming output damping to be zero, thereby 
making a: and the steady-state error zero. If both and k, are 
held constant as +m, is varied, it follows readily from Equations 
[39] that and w,: are proportional to and hence dependent 
upon +m. Since the scales of ordinate and abscissa in Fig. 6 
involve waz, Equations [4la] and [42a] are not in a particularly 
convenient form for studying the effects of varying amounts of 
second-derivative control. It is possible, however, to express 
the error in a form which does not involve wn: by using a new 
characteristic time 7,’ defined as 
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giving 


In terms of this new characteristic time a dimensionless form of 
the error equation convenient for studying the effect of varying 
+ mM, 18 
7 
92 T2 


for the critically damped case. 
Fig. 7 gives a plot of a family of curves of the dimensionless 
e(t) 


- as a function of the dimensionless time -> for vari- 
@;T2 T2 


ous values of {;. Load torque and coulomb friction are assumed 
zero in addition to output damping being assumed zero. Neither 
the ordinate nor the abscissa variables are here functions of + me. 
Therefore the family of curves indicates directly the true relative 
times of duration of the transient and the true relative magnitudes 
of the peak transient error for the assumed values of 2. It must 
be remembered, however, that variations in the magnitude or the 
algebraic sign used with the component of second-derivative re- 
sponse of the controller vary {2, since {2 is proportional to +/o2. 
Changes in controller design which affect the second-derivative 
response are nevertheless readily transferred into quantitative 
data giving the changes in the performance of the system. The 
procedure is to compare the response indicated by the curve for 
the damping ratio in effect before the design is changed, say, fea, 
and the curve for a £2 equal to fag+/o2. For example, assume that 
a particular design has {22 = 0.5. Then assume that a proposed 
design modification will change +m. by an amount sufficient to 
increase by a factor of 4. The system then has = = 
1.0, and the effect of the design change on the relative magnitudes 
of peak transient error and the times of duration of the transient 
is shown quantitatively by the curves for & = 0.5 and ¢ = 1.0, 
respectively. At first glance these results may appear to be 
strange for they show that a system originally underdamped and 
having a rather large peak error can be made to have a substan- 
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tially smaller peak error, be less oscillatory, and be substantially 
faster in response by increasing o>. 

The data in Figs. 6 and 7 serve (a) to confirm the heuristic 
conclusion that the negative algebraic sign should be used with 
mz; (b) to show that the magnitude of m, must be substantial if 
a substantial decrease in the time of the duration of the transient 
be brought about; and (c), that operation with less than critical 
damping justifies consideration. It should be remembered, how- 
ever, that it is probably undesirable to approach too close to the 
condition in which o: > 10, that is, m, = 0.9 Jo, because of 
the likelihood that the system will become unstable if accidentally 
becomes negative. 

The optimum damping ratio for use in any application depends, 
of course, on the magnitude of the transient departure from the 
steady-state error that is permissible. Since there is likely to 
be both viscous and coulomb friction in the output member, the 
steady-state error is actually finite. A net damping ratio such 
that 0.6 < & < 0.8 is then generally satisfactory from the stand- 
point of small overshoot and preferable from the standpoint of 
speed of response, because the error is brought within the steady- 
state operating band about as rapidly as is practicable. 

On the basis of the foregoing arguments and the data in Figs. 
6 and 7 there should be no doubt about the economic value of 
introducing a component of first-derivative response into the 
controller, since by doing so the cost and difficulty of adding 
damping to the output member are eliminated, the unusually 
large power rating required of the servomotor, and the ridiculously 
low over-all efficiency of such a system are obviated. The dats 
herein given permit the designer to evaluate quantitatively the 
relative merits of first- and second-derivative response when de- 
signing a specific system. Considering the practical difficulties 
that are encountered when the task of designing a controller to 
yield a second-derivative response with high fidelity is undertaken, 
there are, no doubt, many instances where the returns hardly 
justify the costs. Obviously circumstances alter cases, and in 
many important control applications it is entirely proper to pay 
a rather large premium to decrease the time of duration of the 
transient or the magnitude of the peak transient error by a factor 
of even 2 or less, At such times only a moderate amount of 
control response, which even then only approximates second- 
derivative control, may prove to be extremely valuable. 

Transient solutions for angle or torque disturbances applied 
to a system with a type 2 controller are readily obtained by the 
procedure given. For the boundary conditions at the instant 

immediately following the application o! 
torque or angle, that is, at ¢ = O* such that 


Gj 


of 
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Li € = 6;; 0 = zero; pe = p& = pH = zero 
p’ = and = zero 


the time solutions are identical for those ob- 
tained for a system with a type 1 controller 


Ge, (p) = ke P P* with the exception that and replace 
and respectively. The curves in Fig. 
4 therefore apply to a type 2 controller if ¢ and 

0.2 wn: are used instead of and wnt. 
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control is adequate. However, in applications such as precision 
machine-tool control, calculating machine servomechanisms, and 
so forth, exceedingly precise performance is often demanded even 
when the output member is required to operate against a sub- 
stantial disturbMg or load torque 7',, in addition to coulomb 
friction, At such times it is really difficult to obtain highly 
precise performance. 

Although only mechanical systems have been discussed thus 
far, it should be remembered that where the mechanisms involve 
electrically operated elements or hydraulic elements, resistance in 
the electric circuits or fluid circuits is just as effective in causing 
steady-state error as mechanical viscous friction. Similarly, the 
induced voltage of an electromagnetic machine, or the operating 
fluid pressure of a hydraulic system, and similar phenomena, 
usually cause effects analogous to those of an output load torque. 
Also, magnetic hysteresis in the magnetic circuits of electromag- 
netic machines, and dielectric hysteresis in the dielectric of capaci- 
tive elements, are analogous to coulomb fricton and equally un- 
desirable. Thus there is inherently a definite limit to the degree 
of precision with which almost any servomechanism having type 
1 or type 2 controller can operate. 

If means to combat these difficulties are to be devised they can 
come about only as a result of a modification to the controller, 
since the controller characteristic is really the only design vari- 
able. Accordingly the basic-error equation will again be ex- 
amined, but this time with a view to devising for the controller 
operator C(p) an expression that will insure not only a stable 
and rapid system, but one which will counteract the effects of 
coulomb or load torques, 

For the system under consideration the error equation is, by 
analogy with Equation [9] 


(Jop + fo)w,(t) + F(w) + T x(t) 


Jop* + fop + C(p) 


where the symbol F' signifies coulomb friction torque which is a 
function of the velocity of the output shaft. Since the direction 
of this torque reverses as the direction of rotation reverses, /qua- 
tion [46] is nonlinear and is difficult to handle mathematically. 
If, however, it is assumed that coulomb friction can be repre- 
sented as a constant torque which appears only after ¢ = zero, 
the analysis becomes relatively straightforward and the results 
are still sufficiently general to be useful. On this basis the error 
equation can be written for a velocity input as 


+ fodui(t) + F + Tr 
Jop? + fop + C(p) 


For optimum performance it is desirable that the controller 
counteract the results of F and 7’, during the period of transient 
operation as well as during the steady state. The transient-error 
behavior is indicated to a considerable extent by the nature of the 
roots of the denominator of Equation [47]. The steady-state 
error for a constant disturbance, however, is given directly by 
the foregoing error equation if p is put equal to zero after the 
equation is converted to the ratio of two polynomials. Therefore 
from the mathematical viewpoint at least, the steady-state error 
would be made zero if the controller were modified so that the 
law of control would have the effect of multiplying F and Tx by p 
in Equation [47]. Then when this is done an attempt might 
be made to adjust the magnitudes of the resulting function C(p) 
to give the desired transient performance. Thus both objectives 
would be achieved. 

The process of synthesizing a controller operator C(p) which 
would achieve these objectives can logically start by multiplying 
the numerator and denominator of Equation [47] by p. The 
error equation then has the form 


e(t) = [46] 


e(t) 


piJop + fo)w;(t) + p(F + Tx) 
€ 
plJop? + fop + C(p)) 


The steady-state error is now zero, provided the denominator is 
a polynomial containing a constant term, The restrictions that 
may be imposed on the operator C(p) to achieve satisfactory 
transient response are that the roots of the polynomial 


p[Jop? + fop + C(p)| = 0 


or 
Top) + fop? + pC(p) 0 | 


149] 


have substantial negative real parts and, if complex, have magni- 
tudes of the imaginary parts that provide reasonable periods for 
the oscillation of the system. Since one of the criteria to be 
satisfied in order for the roots to have negative real parts is that 
the polynomial have all the coefficients of the same algebraic 
sign, the simplest form for the function pC(p) is 


pC(p) = ap + b....... (50 


where a and 6 are positive real quantities. 

The result of this analysis has been to show that in order to 
counteract constant output torques a controller is required whose 
response is proportional to the error plus the time integral of the 
error. Actually, it has been known for some time that this re- 
sponse is of value in control problems of the type herein dis- 
cussed, since it was demonstrated by Minorsky (5) as early as 
1922 and treated by Mitereff (23) in 1935. 

To those already familiar with automatic-control theory, more- 
over, it may appear that the foregoing analysis amounts to much 
ado about nothing This really is not so, however, for while to 
some persons it may have been obvious after a little thought that 
the inclusion of an integral term in the controller response would 
achieve the results desired in the simple example cited, it is not 
always so easy to reach reliable conclusions in more complicated 
control problems. On the other hand, the procedure here pre- 
sented whereby the form of controller characteristic is deduced 
(a) by first examining the error equation with a view to seeing 
what’ properties it must have to yield the solution desired and (6) 
by manipulating it mathematically to give it these properties, is 
quite powerful and widely applicable in control problems. It 
readily yields data that are directly interpretable in terms of the 
design of a suitable controller. 

In the analysis which follows the integral-plus-proportional 
controller is referred to as type 3. For the purposes of generality, 
and also in the interests of improved transient response of a servo- 
mechanism with this type of controller, the general form of the 
operator for type 3 control is taken as 


Culp) = ky = hp mp? + [51] 


where ks, l;, m3, and ng are all positive real quantities and, except 
for l; and m;, they can be associated only with the positive alge- 
braic sign because of stability criteria. 

The substitution of C;(p) from Equation [51] in Equation [48] 
gives for the error of a servomechanism with a type 3 controller 


_ Jom? + + + Tr) 


+ frp? + + ns 
where 
J; = Jo = and fs = fo = 1; We edees [53 
9 TRANSIENT SOLUTION OF SERVOMECHANISMS WITH Tyre 3 
CONTROLLER 


Equation [52] does not readily yield a solution adaptable to 
simple graphical presentation from the design standpoint, because 
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of the large number of design variables and the complexity result- 
ing from the third-order denominator. As Equation [52] stands, 
however, it shows that the steady-state error is zero for either a 
constant input angle, a constant input velocity, or a constant 
disturbing torque on the controlled member. However, if the 
input undergoes a constant acceleration, pai, the steady-state 
error is 


So 


€, 


The question of an ideal versus a nonideal controller arises 
when a solution of Equation [52] is attempted for a step-function 
disturbance of angle or velocity. It is seen by inspection of Equa- 
tion [52] written in the form of a step function of angle, that the 
operational solution at t = 0 for the equation as it stands is 


Jo 
€(0) 6; 
This result can be obtained by taking the limit of the error equa- 
tion as p tends to infinity. For this value of «(0) to occur the 
output member would have to undergo a finite displacement in 
zero time. No physical controller can accomplish this with an 
output member that comprises mass because the mass cannot 
be moved in zero time by only a finite torque. This argument is 
given only briefly for simplicity. If the differential equation of 
Equation [52] is solved by classical methods subject to physically 
realizable boundary conditions at f = 0, and especially that «(0) = 
6,(t) at t = 0, the solution will be correct. Alternatively, if 
methods of formulating the equation such as those of LaPlace (9) 
are followed, the term J; appears in the numerator of the error 
equation, and notJ». For these reasons the liberty is taken here 
of writing the error equation in corrected operational form for a 
velocity disturbance as 


4 (Jsp? + fop)w; + p(F + L) 
J3p* + frp? + kap + ns 


e(t) 


and for an angle disturbance as 


(Jsp* + frp?)0; + p(F + L) 
J3p* + frp? + kap + 


It is desirable to attain some simplification of Equations [55] 
and [56] before attempting a solution. Simplification occurs, 
partially at least, by writing the equation in a dimensionless form. 
Two forms have been found useful. One follows from a method 
originally indicated by Weiss (10). The other follows by recog- 
nizing that the factors of a cubic equation can be written as a 
quadratic times a real root. Both forms are helpful in design 
studies. Weiss has prepared useful charts (10) giving the roots 
of the cubic in forms that aid many design problems. Liu (11) 
and Evans (12) have prepared charts in the form that is of special 
significance when the cubic is written as a quadratic factor and a 
real root. These charts have been found somewhat more useful 
than those of Weiss, because they permit the solution to be written 
in terms of damping ratios and undamped natural frequencies, 
with the result that the data already given in dimensionless form 
for type 1 and type 2 servos can be made immediately applicable 
semiquantitatively simply by matching characteristics of the oscil- 
latory components for ¢ and w,. 

The dimensionless form that follows from the work of Weiss 
writes the denominator of the type 3 servo 


e(t) 


fs ky 
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in the form 


p? + 2.0np? + w,2p + = 0 


where the terms ¢,, w,, and S are merely defined by applying the 
approach used for nondimensionalizing the quadratic, and 
in the case of ¢, and w, do not represent a damping ratio or un- 
damped natural period. By definition 


N3 
S= = 
25373 


Jams. 
where y3 comes from a stability ratio ils using Rouths’ stability 
criteria. 
The alternate form, as used by Liu and Evans, writes the de- 
nominator as 


(p Ewng) (p? + 2S ngP + Wng’) = 0 


where ¢, and w,, now represent specifically the damping ratio and 
undamped natural period of the quadratic factor or oscillatory 
component. 

The relations between S, ¢,, w, and &, {,, and w,, are 


J; J; 

An interesting application of the merits of these so-called di- 
mensionless forms of equations results from a study of the follow- 
ing problem: Assume that integral response is to be introduced 
into a controller which initially has a ratio of output damping to 
total damping a3 = 0.2 and a damping ratio ¢ which is also ¢, = 
0.8. Assume that it is desired to investigate the form of the 
transient response to a suddenly applied velocity or angle as 
integral response is introduced into the controller in amounts rep- 
resented by S = 0, 0.2, 0.4. Since the servo without integral 
control has already been studied in terms of curves using wnt as 
the dimensionless time, see Figs. 4, 5, and 6, the same form of 
dimensionless time can again be used to advantage. 

Table 1 shows the dimensionless solution for the error equation 
of the form 


[p? + + lu, 
(p + (p? + ngP + Wag’) 


[p* + Wng(2hq + £)p? 
(DP + Ewng)(p? + + wag’) 


where load torques are neglected. 


e(t) = 


e(t) = 


Figs. 8 and 9 show the solution of (ore and oo as a function of 
w,l. 

The numerical solutions were obtained using the cubic chart 
prepared by Liu (11). Values of ¢, and S are known and are the 
values used to enter the chart for determining the values of [,, § 
Finally w,, is computed from S and € using the relation 


One observation predominates from an inspection of Figs. 8 
and 9, namely, that a system which initially is well damped and 
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TABLE 1 


For a suddenly applied input velocity disturbance W, 


2 


e(t) = - 
2 
P + +€) wo w 

e(t) al 3 a, i 
(p + + + Wag) 

e(t)w t Sw t 

= kye ‘user cos Vi- +8) 


Ys - 


Ay V 95 - (2, +6) +2 
Ys Va - 2) - 


RESPONSE OF A SERVOMECHANISM WITH A TYPE 3 CONTROLLER 


For a suddenly applied input angular disturbance @ 
3 2 
+ 


e(t) = 
3 2 
J5P + + + 


+ +8) Jo, 
(peGa,.) (P+ 2a, + af.) 
t 


2) 


e(t) = 


assy)? + - 0,4)? 


Ve - 20, +2 


- (2. + J1 
2 
G(p) =k, + ap + 2 = (2, +8) 
2 
f, =f, + + 1) 
J 
at = 
3; (t) (t) 1, (7) su, = Sup 
(t) 
2 P 


fast becomes more oscillatory and faster as integral control is in- 
creased. To procure a reduction in the degree of oscillation, it is 
apparent immediately that ¢, must be increased because this 
parameter controls the oscillatory component. A_ valuable 
feature of the dimensionless study using curves such as those pre- 
pared by Liu is now recognized because the curves of either Weiss 
or Liu quickly show the manner in which ¢, or S must be varied 
to give the desired ¢,. Although these parameters are dimension- 
less, their transformation into real parameters is simple so that 
actually the curves directly give quantitative data. It is inter- 
esting to note that there is always a value of ¢, beyond which 
little improvement in ¢, is obtained, thus necessitating a review 
of the whole design problem. 


10 Systems Invo.tvinc ENerGy StToraAGE ELEMENTS IN 
CONTROLLER OR OuTPUT 


In the preceding analysis the controller has been assumed to 
be an element that correctly obeys the law of control as given for 
C(p). While this condition is approximated in many systems, 
certain inherent properties of physical elements cause the intro- 
duction of other considerations into the analysis. For example, 
the output stages of controllers, which involve power amplifica- 
tion or the servomotor driving the output member, will frequently 
include (a) inductance if it is electromagnetic, (b) elastance of oil 


lines or inertia of valves or pistons if it is hydraulic, (c) elastance 
of air lines if pneumatic. Thus energy storage and energy dis- 
sipation occur throughout the system with attendant so-called 
“response delays.” The over-all controller response 7',(é) is then 
not in phase with the signal that actually initiates the action of 
the servomotor elements, as is implied by Equation [12]. 

When the response of any element is fast compared with the 
system response, its response may be considered instantaneous 
because the energy storage can usually be neglected. When its 
response becomes comparable with the speed of system response 
it is necessary to modify the operator for the controller to intro- 
duce the effects of these energy storage elements into the analysis. 
To do this let a new operator D(p) be used to describe the over-all 
performance of the controller-servomotor combination, where 
D(p) = C(p) A(p) and in which C(p) characterizes only the por- 
tion of the controller that receives the error signal e(t) and oper- 
ates on it to yield the proportional, derivative, or integral com- 
ponents of control, and A(p) takes account of the energy storage 
or “response delay” in the controller output or the servomotor. 
Equation |2] now becomes 7',(t) = C(p) A(p) «(t) and the over-all 
system operator from Equation [4a] becomes 


1 + C(p) A(p) Ho(p) 


As an illustration, consider that the controller comprises a 
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vacuum-tube amplifier that energizes the field of a generator sup- 
plying an electric servomotor. The operator C(p) characterizes 
the vacuum-tube amplifier field circuit of the generator. If it is 
assumed that the build-up field flux in the generator is substan- 
tially in phase with the grid signal on the amplifier, the principal 
response lag will be in armature current. The build-up of servo- 
motor torque will lag the generator-field flux because of inductance 


L, and resistance Ra of the two armatures. The operator A(p) 
characterizing the servomotor would then have the form 


K 
Thus for the system considered in Fig. 3, Equation [9] would 
take the form 


R, 
K(Jop? + fop)(Lap + R,) + C(p) 


A typical block diagram for a system involving several ele- 


e(t) = [(Jop + + To(t) 


Fig. 10 Brock DIAGRAM FOR SERVOMECHANISM COMPRISING SEv- 
ERAL ENERGY STORAGE ELEMENTS IN CASCADE 


ments, each with response lag, #s shown in Fig. 10. The over all 
system operator for such a system is 


Controller |} Preamplifier || Servomotor 
Operator 


which leads to a characteristic equation involving high powers of 
p for which the labor in getting transient solutions may be con- 
siderable. The matter is discussed in section 13. 


In many servomechanisms the error signal given by the error- 
measuring means is of such a form that it cannot even be easily 
differentiated once to give good control signals for stabilizing pur- 
poses, as previously discussed for a type 2 system, let alone be 
differentiated twice. In some cases the particular embodiment 
that the servomechanism takes makes it undesirable to employ 
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derivative networks. Frequently the error is of such form that 
good techniques for giving its time rate of change do not exist. 
Methods of control that will yield the desired stability or dy- 
namic performance without error differentiation therefore be- 
come necessary. The method most commonly used is to feed- 
back (14) to the input a signal that is some function of the re- 
sponse of the servo output, or a response just ahead of the output. 
Fig. 11 shows the block diagram for a typical system involving 


KG (p) 
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Fig. 11 Brock DiaGRAM FOR SERVOMECHANISM COMPRISING SEv- 


ERAL ENERGY STORAGE ELEMENTS IN CASCADE AND FEEDBACK 
Wituin Ciosep 


feedback. The particular functional relationship between the 
output and the feedback signals is established by an arrangement 
of elements inserted specifically for the purpose, and for which a 
feedback operator is known or can be deduced. Nostandard rule 
can be given for the form of the operator used for the feedback 
(14) since the choice of derivative, integrative, or even the num- 
ber of feedback elements becomes a function of the specific appli- 
cation for which the servomechanism is intended. 

As a general rule the introduction of feedback networks adds 
energy-storage elements into the system and increases the powers 
of p in the characteristic equation. By the application of the 
operator relations for the resulting network the over-all sys- 
tem operator becomes for Fig. 11 


Controller |} Preamplifier || Servomotor Output 
Operator Operator Operator Operator 
Controller |} Preamplifier |} Servomotor |} Feedback 
Operator |} Operator Operator Operator 
12. TRANSIENT ANALYSIS OF SysTeMs INvoLVING HiGH-ORDER 
CHARACTERISTIC EQUATIONS 


In the systems of the types discussed in sections 10 and 11 the 
characteristic equations invariably involve high powers of p. 
The transient analysis then becomes complicated because of (a) 
the difficulty of determining the parameters of all elements such 
as inertia, elastance, inductance, damping, amplification, torque 
gradient, and so forth, for each element in the system and (6) the 
labor of getting the roots and the time solutions to problems in- 
volving characteristic equation of high orders. While the analy- 
sis may be classified as tedious, the synthesis of controllers and 
feedback elements by the transient methods is difficult because 
the coefficients of the powers of p in the characteristic equation 
are a heterogeneous arrangement of many of the parameters of 
the elements of the system. Thus even when the work of obtain- 
ing the transient solution has been completed it is difficult to 
identify any particular element in the system that must be 
changed to cause any preselected modification in system behavior. 

A qualitative knowledge of the transient behavior that is use- 
ful for many purposes may, however, be obtained by recognizing 
that the characteristic equation can be factored into the product 
of quadratic factors as follows 
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(p? + + + a) 


Each quadratic factor contributes to a mode of oscillation in the 
solution having damping ratios and undamped natural 
frequency wyg, nd, &nc, and so forth. Then by the principle 
of linear superposition the servomechanism response is the sum of 
the responses attributed to the specific modes a, b, c, ete. Thus 
for each component of error response the duration of the tran- 
sient is given qualitatively by reference to the types of solutions 
given in the body of the paper for simple quadraties, and the rela- 
tive magnitudes of the transients can often be approximated from 
the observation that the higher the magnitude of the root the 
smaller the coefficient of the time solution involving that root. 
It should be remembered that the parameters of the several ele- 
ments in a system are not always known to high degrees of accu- 
racy, and that approximate or graphical methods (11, 12, 19, 20, 
22) that give the roots to the characteristic equations® to a few 
significant figures are justifiable and timesaving. 

Because of the difficulties mentioned the transient method of 
analysis of complicated systems becomes most valuable as an 
aid to the visualization of the performance of a system rather than 
an aid in its design. If a designer has carried out the analysis of 
the dynamic performance based upon transient studies he can 
correlate the information with the actual performance if he gives 
any physical system a transient disturbance by any one of several 
means readily available to him and then observes or measures the 
response. 

The next section of the paper treats a method of analysis that 
is particularly useful in the design of complicated systems. This 
method is sometimes termed the transfer-loci method and is based 
upon the frequency-response characteristic of the servomecha- 
nism. 


13. FREQUENCY RESPONSE OF A SERVOMECHANISM 


The difficulties of analyzing or synthesizing a complex servo- 
mechanism or automatic-control system by the transient method 
of analysis early became apparent to several investigators and a 
search was made for a more powerful and less cumbersome method 
of analysis. During this search it was natural to examine the 
methods employed in electrical analysis since complex electrical 
circuits had been analyzed and synthesized effectively for many 
years. Circuit analysis has been effectively carried out for some 
time through the study of its frequency-response characteristics. 
It appeared that the same general approach might prove effective 
in servomechanism design. Nyquist had developed a powerful 
means of determining the stability of feedback amplifiers through 
a study of its frequency-response characteristics and the simi- 
larity between feedback amplifiers and servomechanisms had been 
recognized. In 1942 Harris (21) pointed out that genuine im- 
provements in design technique might result from applying the 
frequency-response method of analysis to servomechanism design, 
and in 1943 Hall (13) presented a thorough treatment of servo- 
mechanism analysis and synthesis by frequency-response methods. 
As a result of these investigations the frequency-response ap- 
proach to servomechanism analysis has been developed into a 
powerful tool. Most of the remainder of the present paper is 
adapted from the paper by Hall (18). 

The term ‘‘frequency-response characteristic,”” when applied to 
a mechanism, refers to the relationship between the input and 
the output of that mechanism when the input is a sinusoidal func- 
tion of time. In servomechanism terminology, if 6;(t) is the input 
and @)(t) is the output of a servomechanism (see Fig. 2) then if 


5 For a summary of graphical and analytical methods of obtaining 
the roots to characteristic equations, see Appendix C of the book by 
Ed 8S. Smith (22). 
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and A is small it will always be true that 


In these equations A is known as the amplitude of the input, B 
is known as the amplitude of the output, w is the angular fre- 
quency of motion of 6;(!) and 6(t) (equal to 2xf where f is in 
cycles per second), and ¢ is the relative phase angle between 
6,(t) and @o(t). 

The amplitude ratio B/A, and the phase angle ¢, when deter- 
mined as functions of angular frequency w, comprise the fre- 
quency-response characteristic of the servomechanism. 

As just shown, the relationship between 60(t) and 6,(t), when 
6,(t) is a sinusoidal function of time, is specified by a magnitude 
(B/A) and an angle (¢). These two quantities can be considered 
as the defining properties of a vector whose amplitude is (B/A) 
and whose phase is ¢. Thus it is frequently stated that a vector 
relationship exists between 6;(t) and 60(t), when 6,(t) varies sinu- 
soidally with time. This vector relationship is represented sym- 
bolically bye (jw) in which j( = /—1), itself, is generallythought 


of as a vector and emphasizes the vector properties of the ratio. 


The vector ratio, > (jw) is characterized by an amplitude 


6 
, and a phase, are | 


90 ,. 

| ao” 
The preceding development is briefly summarized as follows: 

If in a servomechanism 


then 


By definition the frequency response is denoted by (ie). The 
amplitude response is given by $ 
B 


= Co [59] 


and the phase response is represented by 


‘The amplitude and phase response curves of a typical servo- 
mechanism are illustrated in Fig. 12. ‘ 

The curves in Fig. 12 may be obtained (a) by calculation, if the 
constants of an actual or proposed design are availabie, or (b) by 
measurement, if the servomechanism itself is available. The 
frequency-response characteristic is measured by moving the in- 
put sinusoidally at a fixed amplitude but at various frequencies. 
At each frequency the amplitude of the output and its phase rela- 
‘tion to the input motion is measured. The ratio of the ampli- 
tudes, plotted for each frequency, yields the first of the curves in 
Fig. 12. The phase difference between the input and output 
plotted for various frequencies gives the second of the curves in 
Fig. 12. The curves in Fig. 12 are readily calculated if the con- 
stants of the system and the differential equation relating the 
output to the input are known. The calculation is effected by re- 
placing the operator p by the frequency operator jw (where j = 
4/—1) and applying conventional vector arithmetic. 

The frequency response of a servomechanism may be closely 
correlated with its transient response. Important natural fre- 


quencies in the transient response are indicated by peaks in the 
amplitude-response curve. The magnitudes of the peaks of 
the amplitude response are measures of the relative damping of the 
natural frequencies of the transient response. The frequency 
band over which the amplitude response has a substantially con- 
stant magnitude is a measure of the speed of response to tran- 
sients, since a high natural frequency (and therefore a high speed 
of response) is linked with a high resonant frequency in the ampli- 
tude response. When, as just indicated, the frequency-response 
characteristic is correlated with the transient-response characteris- 
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tic, the former becomes a powerful means of analysis. The cor- 
relation between the sinusoidal and transient characteristics is 
illustrated by comparing the transient and frequency response 
of a simple servomechanism, representable by a second-order dif- 
ferential equation. Such a servomechanism comprises a servo- 
motor with a moment of inertia and damping and whose output 
torque is proportional to the error. 

If the input 6,(t) is a step displacement and the output 6(t) 
is determined for various values of the damping ratio, the set of 
transient responses illustrated in Fig. 13 results. If 6,(¢) is made 
a sinusoidal function 


6,(t) =A sin wt 


and the amplitude response of the output @0(t) is determined, the 
set of curves in Figs. 14 and 15 is obtained. Comparison of 
the transient and frequency responses reveals a number of points 
of correspondence: (a) The frequency at which the transient re- 
sponse oscillates (the natural frequency) is approximately the 
same as the frequency at which the amplitude response has 4 
peak (the resonant frequency); (b) as the damping ratio is re 
duced the transient response becomes more oscillatory, and the 
peak in the amplitude response is magnified; (c) when the damp- 
ing ratio is made larger than unity the transient response becomes 
sluggish and the amplitude response falls off rapidly without 4 
peak. 

It is frequently convenient to combine the information con- 
tained in the amplitude-response curve and in the phase-response 
curve of a system by a single graph. This can be accomplished 
by remembering that the amplitude ratio and the phase angle are 
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quantities defining a vector which relates the output and input. 
As the frequency of the input is varied this vector varies in 
phase and magnitude and the amplitude- and phase-response 
curves present the information on the manner in which these two 
properties of the vector change with frequency. ‘The same in- 
formation can be provided in an alternative way by plotting on 
polar co-ordinate paper the path followed by the tip of the vector 
as the frequency varies over the band of interest. If various 
points of the curve are labeled with the frequency to which they 
correspond one curve will supply the information contained in 


Fic. 14. CuRVES OF SECOND-ORDER SERVO- 


MECHANISM 


-180° 


Fic. 15 PHase-Resrponse Curves or Seconp-OrpeR SysTeM 
two curves when the amplitude and phase response are plotted 
separately. This graphical presentation is known as the locus 
of the frequency-response characteristic. It is illustrated in Fig. 
16 which was drawn for the same second-order system to which 
the curves in Figs. 14 and 15 apply. The principal advantage 
of presenting information in this fashion lies in the means it pro- 
vides for visualizing the frequency response and in the fact that 
it emphasizes the very important relationship that always exists 
between the amplitude and phase responses of a system. 


14 SeERVOMECHANISM TRANSFER FUNCTION 


It is clear from the block diagram in Fig. 11 that a single func- 
tion completely defines the performance of a servomechanism in 
which the feedback link contains no frequency-dependent ele- 
ments. The defining function is the relationship between the 
servo output @ and the errore. If this relation is known in opera- 
tional; sinusoidal, or time-response forms, the performance of the 
system is completely defined for all conditions that may be im- 
posed upon it. This function, relating the servomechanism out- 
put to its error, has been termed the “transfer function” of the 
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servomechanism. When the sinusoidal or frequency-response 
form of the transfer function is studied it becomes a powerful 
analysis and synthesis tool. The transfer function may be de- 
rived from a known frequency-response characteristic of the servo- 
system, it may be measured directly, or if system constants are 
known, it may be calculated directly. 

In terms of the nomenclature previously established in this 
paper the operational form of the transfer function is written 


— (p). The sinusoidal form of the transfer function is obtained 
€ 


by replacing the operator p by jw, giving — (jw). This function is 
€ 
a vector quantity with an amplitude and a phase characteristic 


just as the ratio ‘ (jw) is a vector quantity. 

The transfer function of a servo system is always the product of 
two parts, one that is invariant with frequency and a second that 
is frequency-dependent. The fact that these two components 
exist is emphasized by writing the transfer function in the follow- 
ing form 


The term K represents that part of the transfer function which is 
invariant with frequency. This portion is known as the gain or 
the sensitivity factor and is a functionofamplifier gain, gearratios, 
etc. The second part of the transfer function is denoted by 
G(jw) and represents the portion of the transfer function which 
changes with frequency. 

The frequency response of the servomechanism is connected 
with the transfer function by the following vector equation 


KG (jw) 
a”. 


The transfer function of a system is calculated by straightforward 
circuit-analysis techniques, or by determining the differential 


equation relating the output to the error and replacing Z by jw. 
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15 Tue TransFer-Function Locus 


The transfer function can be studied by means of its frequency 
characteristics just as other functions have been so studied. The 
amplitude- and phase-response curves of the transfer function 
‘an be drawn and these curves completely define the characteris- 
ties of the transfer function of the servomechanism and therefore 
completely define the system itself. Just as the phase- and 
amplitude-response curves were combined into a single polar 
plot with frequency as a parameter, so can the frequency- and 
phase-response curves of the transfer function be combined. 
This parametric polar plot of the transfer function has been called 
the ‘“transfer-function locus,’ or simply the transfer locus of 
the servomechanism. The transfer locus completely defines the 
characteristics of the servo system. A study of its nature provides 
an effective method for the synthesis of servomechanisms in- 
tended for particular applications and a useful general guide to 
the adjustment of servomechanism parameters in order to secure 
optimum performance. 

The reason for the effectiveness of employing the transfer fune- 
tion KG(jw) as a means of analysis is explained as follows: 

If it is desired to analyze the response of a servo and design 
compensation circuits for improving its performance, the function 


5 we) is awkward to work with directly. The reason for this 


arises from the complex nature of the relation between ri (jw) and 


the system parameters. On the other hand, it has been shown 
that the performance of the servo is completely determined once 
the transfer function KG(jw) is known. A much simpler relation 
generally exists between the system parameters and the transfer 
function so that it is comparatively easy to synthesize a controller 
once the required form of the transfer function is known. The 
system design is applied to choosing, altering, and improving the 
servomotor or servo controller, the characteristics of which di- 
rectly affect the transfer function KG(jw). 

Design criteria expressed in terms of restrictions upon the 
transfer function are therefore most easily translated into physi- 
eal design. However, the final decision as to the quality of the per- 
formance of a particular servo is made from a knowledge of the 
character of its output function, and it is necessary therefore to 
translate restrictions upon the output and function into restric- 
tions upon the transfer function. The situation is summarized 
as follows: 


It is necessary to know the phase and magnitude of Je in 
order to decide if the servo is satisfactory. In synthesizing a 
servo it is easier to work with the transfer function KG(jw). By 
correlating the transfer-function characteristics with the proper- 
ties of the system frequency response, an effective design proce- 
dure can be developed. The correlation of these two functions 
is most easily effected graphically, as described in the following: 

If a parametric frequency plot of the transfer function KG(jw) 


6 
is available, the magnitude and phase of the function 2 (jw) may 
6 
be found by graphical calculation. The function 5! jw) has been 


related to the transfer function by Equation [62]. 
A plot of a typical transfer function KG(jw) is illustrated in Fig. 


17. Suppose it is desired to calculate 5 ies) fora particular fre- 


quency w,, with only the transfer locus available. The transfer 
function at w,, KG(jw,), is represented by the vector oc while the 
vector ac represents the term [1 + KG(jw,)], since the point a is 
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located at (— 1 + 70). Therefore the magnitude of Ge.) is 


given by 


0 | | KG(jue) | 
while the phase of 5 ie) is given by 
. 
are = are (oca)...... 
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Locus 


( 
6 
is equal to the ratio of the magnitudes of the vectors o¢ and ac 


rhe angle, are (oca), is negative. Thus the magnitude of ~ (ju, 


and the phase of 9 we) is equal to the angle between these two 


vectors. 
Equations [62] and [63] permit ready visualization or caleula- 


. 
tion of the magnitude and phase of 5 ie) At small frequencies 


such as wp (see Fig. 17), both vectors oc and ac are large and ap- 
proximately equal, and their ratio is approximately unity. ‘The 


6 
angle bet ween the two vectors, the phase of 9 ie) is smal] at this 
frequency. As the frequency increases the angle between the 
two vectors increases and their lengths become smaller so that 


differences in their lengths cause,the ratio = to depart from unity. 
ac 


Whether the ratio = (the magnitude of » el) increases or de- 
ac 


creases as the frequency increases depends upon the shape of the 
curve relative to the origin and the point (— 1 + j0). A con- 
tinuation of this reasoning for the remainder of the frequency 
range permits the general shape of the phase and magnitude of 
the servo output to be completely determined. If desirable, the 
phase and magnitude curves can be determined from the transfer 
locus with accuracy and ease by using a protractor and divider 
and measuring the angles and lengths directly from the graph. 

Correlation between other servomechanism characteristics and 
the shape and form of the transfer locus are described in the fol- 
lowing sections, 


16 ABSOLUTE StTaBILity CRITERION 


The primary requirement that almost every servomechanism 
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must satisfy is that of stability. Although a servo system must 
be more than barely stable to be satisfactory, a stability criterion 
of one type or another is generally the first test applied to pro- 
posed servomechanism design. Several criteria exist; however, 
the one described here was developed primarily for application to 
feedback amplifiers. It is at once apparent to those familiar 
with feedback-amplifier theory that the transfer locus of a servo- 
mechanism is analogous to the Nyquist diagram of a feedback 
amplifier. The term Nyquist diagram has been given to this 
type of plot for a feedback amplifier because of a very useful 
criterion developed by Nyquist (8) for determining the stability 
of a feedback amplifier. This criterion may be applied equally 
well to the transfer locus in order to determine from its shape and 
position whether or not the servomechanism for which it is drawn 
isstable. Toapply the Nyquist stability criterion to servomecha- 
nisms, the following procedure is employed: (a) The transfer 
locus [AG(jw) plotted in polar form] is drawn for all frequencies 
from zero to infinity; (6) the conjugate of the transfer locus is 
drawn, The conjugate of a curve is the mirror image of the 
original curve about the real axis; (c) if the curves so formed 
enclose the point (— 1 + j0), the system is unstable. If the 
curves do not enclose this point, the system is stable. The appli- 
cation of this criterion is illustrated in Fig. 18. 

The foregoing criterion applies to curves of closed form; that 
is, it applies to transfer loci of such character that the loci and 
their conjugates join at zero and at infinite frequency. Actually 
the transfer loci of most servomechanisms are of the open form 
and some extension is required in order to apply the stability 
criteria to these forms of transfer loci. The open form of the 
transfer locus can be changed into the closed form by connecting 
the curve and its conjugate at the zero-frequency point by means 


of a circle of infinite radius. The connection should always be 


made in such a way that no phase discontinuity occurs along the 
path of the curve. 

This is illustrated in Fig. 19 in which are plotted the trans- 
fer loci of two common types of servomechanisms, both of which 
are stable. 


FoR Various Types or STEADY-STATE 


PERFORMANCE 


17. Transrer Loct 


The performance of a servomechanism under steady-state 
conditions is always of great importance. If the servomechanism 
is primarily a positional device it is desirable that the servo- 
mechanism take up various positions without requiring an error 
to maintain it in that position. Similarly it is frequently neces- 
sary for the servomechanism to follow an input of constant ve- 
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locity, that is, one in which 6,(t) = kt. In this case it is desirable 
for the servomechanism to follow various velocities as required 
without the necessity of a system error to maintain that velocity. 
Servomechanisms that satisfy the first condition frequently are 
termed zero-displacement-error servomechanisms and servos that 
meet the second condition similarly are called zero-velocity-error 
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servomechanisms. It can be readily shown that if the transfer 
locus of a servomechanism approaches infinity along the negative 
imaginary axis, the servo will have zero-displacement error. 
Similarly if the transfer locus of a servomechanism approaches 
infinity along the negative real axis that servo will have zero- 
velocity error. The zero-velocity-error servo will, of course, have 
zero-displacement error also. In Fig. 19 is illustrated the trans- 
fer loci of a zero-velocity-error system and of a zero-displacement— 
error system, ‘ 

This concept can be extended to servo systems that will fol- 
low a constant input acceleration without steady-state error, and 
so forth, 


18 DerTERMINATION OF THE GAIN Factor (K) 


The particular servo parameter most easily adjusted is, per- 
haps, the gain factor K, which is the frequency invariant portion 
of the transfer function, AG(jw). If the servocontroller is an 
electronic amplifier, the gain may be fixed, in general, by adjust- 
ing a voltage divider controlling the gain of the amplifier. The 
gain factor of systems incorporating controllers other than elec- 
tronic amplifiers may be less easily adjusted, but the procedure 
in most cases is still relatively simple. Since the gain is easily 
adjusted and since its setting is so important in determining the 
characteristics of a servomechanism, it is important to develop a 
technique of gain adjustment that yields optimum results in servo 
performance. 

The effects of increasing the gain or sensitivity of the servo- 
mechanism are (a) the velocity error of the system is reduced 
if the servomechanism is of the zero-displacement-error type; 
(b) errors caused by restraining torques on the servo output are 
reduced; (c) errors caused by mechanical misalignment in the 
servomotor or controller are reduced; (d) the imaginary compo- 
nents of the complex roots of the system (the natural frequency or 
frequencies of the system) are increased in most cases; (e) the 
magnitudes of the real roots of the system are increased in most 
‘ases; and (f) the real parts of the complex roots of the system 
(the damping constants) in general are decreased. The first 
three of these effects reduce the system steady-state error; the 
next two increase the speed of response of the system, and the last 
reduces the speed of response of the system in that the time re- 
quired for a transient oscillation to damp out is increased. A 
general rule that can be deduced from the factors given is that 
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the servomechanism sensitivity should be as high as is compatible 
with proper servo stability. 

Any physical closed-cycle system can be made unstable if the 
' sensitivity is sufficiently increased. This is evident from the 
transfer locus of a physical servomechanism since such a locus 
always crosses the real axis and therefore as the sensitivity or 
gain factor K is increased, the locus will enclose the (— 1 + jO) 
point at some finite sensitivity and the servo will become un- 
stable. The gain factor should always be adjusted to avoid 
instability. 

Most applications, however, require not only that the servo be 
stable but that its degree of stability be satisfactory. The degree 
of stability determines the damping of the oscillatory components 
of the servo transient response and in general the gain fac- 
tor should be so selected that these response components are 
well damped. When the oscillatory components are insufficiently 
damped the transient response requires an excessive time to reach 
its final value and exhibits excessive overshoot. In addition, 
the amplitude response possesses excessively high peaks. The 
effect on the transient response is illustrated in Fig. 13 which 
shows that as the damping ratio is decreased the oscillatory nature 
of the system is more pronounced. The effect on the amplitude 
response is indicated in Fig. 14 which shows that as the damping 
ratio is decreased the magnitude of the peak in the response is 
augmented. 

When a servomechanism is designed on the transient basis the 
degree of stability is controlled by requiring the effective damping 
ratio to be of the order of 0.5. When a servomechanism is de- 
signed on the frequency-response bas's it has been found that 
an equally satisfactory criterion is to limit the magnitude of 
peaks in the amplitude response to approximately 1'/;. Neither 
requirement is based upon exact mathematical criteria; both 
have been found to give good results in almost every applica- 
tion. 

The determination of the gain factor K, that will limit the 
maximum value of the amplitude response to a prescribed value 
and thus provide adequate damping in the system, is easily carried 
out graphically through the use of the transfer locus of the sys- 


tem. If the ratio 


6 
: (jw) | is denoted as M for a particular fre- 


quency, curves of constant M can be drawn in the KG(jw) plane. 


These curves turn out to be circles whose centers and radii are’ 


easily determined. A sct of these circles is illustrated in Fig. 20 
together with the transfer locus of a typical servomechanism. 
The significance of these curves lies in the fact that wherever the 
transfer locus crosses one of these circles it indicates that at the 


frequency for which the intersection occurs the value of Ki (jw) 
is equal to the’ M corresponding to the intersected circle. Thus 

6 
in Fig. 20 %y (jw)| for the system whose transfer locus is denoted 


is 
by K — 1 will have a value of 1.1 at 1 cycle per sec, 1.5 at 2 
cycles per sec, 0.75 at 3 cycles per sec, ete. A value of M can 
generally be found so that the circle corresponding to this M value 
is tangent to the transfer locus at some point. A point of tan- 


gency indicates that the function ‘i (jw) | has a maximum or a 
minimum at that point. Thus in Fig. 20 the transfer locus 
drawn for K = 1is tangent tothe M = 1.5 circle, indicating that 
the output function has a maximum of 1.5 at 2 cycles per sec. 
Also drawn in Fig. 20 are the transfer loci for the same servo- 
mechanism with different values of gain factors. It is evident 
that the maximum value of the output function increases as the 
gain factor is increased. The proper degree of stability is deter- 
mined by se choosing the gain factor that the transfer locus cor- 
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responding to this gain factor is tangent to the circle drawn for the 
predetermined maximum value of M, 


19 PRocEDURE 


Since the transfer-function approach is perhaps most uscful in 
the design and synthesis of servomechanisms, the principal steps 
in the design procedure employing the frequency-response 
approach are summarized as follows: 


(a) Determine the transfer function AG(jw) for the first ap- 
proximation to the complete servomechanism. This requires the 
determination of the amplitude and phase characteristics of 
KG(jw). 

(b) Plot this transfer function in the form of a transfer locus 
using the specific values determined from (a). 

(c) Decide on the degree of stability required in terms of the 
M ratio discussed in section 18 and determine the gain factor that 
will produce tangency between the transfer locus and the circle 
drawn for the maximum permissible value of 1/7. The gain factor 
can then be used to determine actual sensitivities in the servo- 
system. Determine the frequency at which the maximum value 


of | — (jw) | occurs. 
0; 
(d) From a knowledge of the permissible sensitivity, the fre- 


quency at which the function la, (jw) | is maximum, and the zero- 

frequency behavior of the transfer locus, answers can be obtained 

to the following questions: 


1 Is the servomechanism of the type (zero-displacement-error 
servo, zero-velocity-error servo) suitable for the particular appli- 
cation? 

2 Can the gain factor be adjusted to secure adequate damp- 
ing? 

3 Is the sensitivity permitted by adequate damping suffi- 
ciently high to minimize the effect of nonlinear factors such as 
sticky valves, dry friction on the output member, ete., and linear 
factors such as velocity and acceleration error, etc.? 

4 Is the natural or resonant frequency sufficiently high to 
provide the speed of response required by the application? 

(e) If the answer to any of the foregoing questions is negative 
remedial action must be taken. Readjustment of certain of the 
parameters or minor changes in design may be sufficient.» Other- 
wise major design changes must be made or corrective devices 
incorporated in the system. These corrective devices can be 
designed: (a) To improve the transient response; (b) increase the 
sensitivity permitted by adequate stability; or (c) change 
the basic type (zero-displacement error, zero-velocity error) of the 
servo. If the corrective element is introduced as an element 
cascaded with the controller in such a way that no mutual reaction 
with other elements occurs, the new transfer function is the prod- 
uct of the old transfer function and the transfer function of the 
corrective element. The new transfer locus can be formed 
graphically by multiplying amplitudes and adding phases for « 
particular frequency. If the corrective element is inserted in 
the system in a different manner straightforward circuit-analysis 
techniques can be applied to the determination of the transfer 
function. 


20 SUMMARY 


Two approaches to the mathematical analysis of servomecha- 
nisms have been pointed out in this paper. It has been demon- 


strated that, in general, a broad understanding of servomech:- 
nisms could be obtained by an understanding of both approaches, 
and in particular, that valuable performance and design data 
could be obtained. It has been shown that the transient approach 
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is particularly valuable when the exact response to known inputs 
is required, and in the analysis of simpler servo systems. It has 
been further shown that the frequency-response approach is in- 
dispensable when the analysis and synthesis of complex servo 
systems is required. 
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Discussion 


C. Concorp1a. The writer is greatly interested in the steady- 
state method of analysis of control systems described in this paper 
and would like to comment on what he considers its scope in rela- 
tion to other aspects of the control problem. 

If one starts from scratch and constructs a control system for a 
particular job, one’s first task is to make sure that the system is 
stable. For this purpose it seems best to find regions of stable 
operation in terms of those parameters which are within our con- 
trol by the application of Routh’s stability criteria to the char- 
acteristic determinant of the system. Such a study gives in- 
formation over a great range of system parameters very quickly, 
without the necessity of studying any one system in detail. 

Following such a study, one becomes concerned with the re- 
sponse of the system. The most direct method might appear to 
be to compute directly the transient response to the various 
disturbances which are of interest. However, for the reasons 
discussed by the authors, this sort of calculation does not tell im- 
mediately what to do in order to improve performance. Thus 
it is convenient to devise on a semiempirical basis criteria of 
probable transient performance in terms of steady-state per- 
formance and to make steady-state studies of the system as they 
have described. 

However, even after this is done, one may still wish to make 
sure that performance will be satisfactory by a direct study of the 
transient performance. This is especially true in those cases 
where the system may be subjected to a variety of different kinds 
of disturbances. An example of this is an airplane-engine turbo- 
supercharger regulator, which may be subjected to disturbances 
of the pressure-boost setting, the engine-speed setting, or the 
throttle setting. It will be apparent to those familiar with con- 
trol-system performance that the optimum stabilizer design for 
one type of disturbance will not be the same as that for the others, 
so that the over-all optimum must be a matter of engineering 
judgment rather than of mathematical criteria. 

For the purpose of making such studies of transient perform- 
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ance we have found it convenient to use the differential analyzer, 
Of course, once a problem is set up on the differential analyzer it 
is a simple matter to change parameters and run off the resulting 
transient-response curve, and in fact in many cases this has been 
so attractive that we have shortcircuited completely the inter- 
mediate steady-state analysis method. 

A further reason for this is that in many cases, as the refine- 
ment of design proceeds, one becomes primarily interested in 
studying more and more the effects of those nonlinear elements 
such as friction, backlash, saturation, etc., that are left out of the 
linear analysis which has been described. A further related 
factor is that a linear analysis becomes more nearly valid as the 
control means become better. In many cases very limited con- 
trol means may be available, and these may be essentially off-on 
or some other kind of contact control. In these cases it is al- 
most necessary to determine the transient response directly if a 
good idea of the quality of actual performance is to be had. 


L. A. MacCou..? It is shown in the paper that the function 
KG (iw) plays a dominant role in the theory of the particular 
servomechanism which is under consideration. Perhaps it will 
be well to point out explicitly that this function, suitably general- 
ized, is fundamental in the theory of any single-loop servo- 
mechanism, and to indicate how the generalized function can be 
determined experimentally. 

Let us consider a general single-loop servomechanism, in which 
we have a “forward circuit,’ consisting of certain components 
Ci, C2, ..., Cy connected in tandem, and a ‘feedback circuit,”’ 
consisting of certain components C; .-. 
nected in tandem. 

The typical component C, is characterized by a complex- 
valued function Y, (iw), having the following significance: In 
the steady state, in which all of the signals in the system are vary- 
ing sinusoidally with time with the radian frequency w, the abso- 
lute value of Y, (iw) is the ratio of the amplitude of the signal at 
the output of C,, to the amplitude of the signal at the input of C,, 
and the angle of Y,, (tw) is the phase difference between these two 
signals. 

Now it is easily shown, by reasoning like that employed in the 
paper, that the function 
Y(iw) = Yi (iw) Y2(tw)... Y,(tw) + ,(tw) Y; 4 m(tw) 
plays the role in the theory of the present system that the func- 
tion KG (iw) plays in the theory of the system discussed in the 
paper. 

Let us consider the physical significance of Y (iw). Suppose 
that we open the feedback loop between any two consecutive 
components, say the components C,, and C,, +1, adding the proper 
terminations, if necessary, so that the impedance relations within 
the system will not be disturbed. Then let us impose a known 
sinusoidal signal at the input of C, + ,, and let us measure the 
amplitude and phase of the resulting signal at the output of C,,. 
It is readily seen that the ratio of the amplitude of the signal at 
the output of C, to the amplitude of the signal at the input of 
C, +1 1s the absolute value of Y (iw), and that the phase difference 
of the two signals is the angle of Y (jw). On this account Y (iw) 
is commonly called the “loop transmission ratio of the servo- 
mechanism,” 

We note that where we open the feedback loop, whether be- 
tween C, and C;, or between C, and Cs, or elsewhere, is indiffer- 
ent in principle. However, as far as experimental technique is 
concerned, it may not be practically indifferent. In many cases 
the physical nature of the signals changes from point to point in a 
servomechanism. At one point the signal may be the angular 
position of a shaft, at another point it may be an electromotive 
force, and at a third point it may be the pressure of a fluid. In 
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such a case it may well be that we can perform the measure- 
ments just described more accurately and conveniently at one 
point in the loop than at another. We should, of course, select 
the point at which we open the loop, and perform the measure- 
ments accordingly. 

Referring to the significance and use of the Nyquist diagram: 
Suppose that we have a servomechanism with a Nyquist dia- 
gram which encloses the critical point (—1, 0), so that the system 
is unstable, or which, while it does not actually enclose the 
cfitical point, passes near to that point, so that the system is 
barely stable. In either case, we have to modify the system in 
some way, in order to make its performance satisfactory. 

One rather obvious thing we may do is simply to vary the 
value of some one constant parameter, seeking a particular value 
which gives a satisfactory performance. This procedure, which 
is discussed at length in the paper, may be entirely satisfactory in 
many cases, However, it is evident that this procedure is quite 
restricted, and it is to be expected that. we can often achieve more 
satisfactory results in other ways. Here the Nyquist diagram 
performs a great service; for it reveals a great variety of means 
for obtaining a satisfactory system, many of which are not sug- 
gested at all by the older methods. 

In so far as satisfactory stability of a servomechanism is con- 
cerned, all that is necessary is that the curve of the Nyquist 
diagram shall neither enclose the critical point (—1, 0) nor pass 
too near to that point. In order to achieve a curve which is 
satisfactory in this sense, we can confine ourselves to varying 
element values, if that is sufficient, or we can insert additional 
frequency-selective elements in the system, so as to alter the very 
form of the curve in a drastic manner. The possibilities of the 
latter sort are particularly valuable when we are dealing with 
complicated systems subject to stringent requirements. 


Ep S. Smitu.’ The authors deserve the thanks of mechanical 
engineers for the release of this material as soon as the wartime 
restrictions lifted. It is high time for this M.I.T. group of 
electrical engineers to claim due credit for its excellent work and 
real contributions to the war effort. The writer is glad to 
acknowledge here his professional and personal indebtedness to 
Bush, Hazen, Gardner, Draper, Brown, Harris, Hall, Campbell, 
Kochenberger, Taplin, Philbrick, and Ahrendt, to name a repre- 
sentative number of its more active contributors to the art. At 
the same time, it must be remembered that the pioneering in 
servomechanisms has been shared by another group of electrical 
engineers at the Bell Telephone Laboratories: Nyquist, Bode, 
Black, Ferrell, Dietzold, MacColl, and Barnes whose work with 
Gardner at M.I.T. is but one tie of many between these two 
groups. 

As a mechanical engineer, the writer’s primary interest is to see 
how these electrical-engineering techniques may be best made 
available to other engineers, for use in control generally. For 
this “transmission problem” it is good that such an experienced 
and co-operative teacher as Brown heads the A.I.E.E. activity in 
this field. For the sake of continuity, it is hoped by the writer, as 
the current chairman of the A.S.M.E. Instruments and Regu- 
lators Division, that such activity will be most intimately tied in 
with the work of this division which sponsored this paper. This 
division in the past has followed control theory as exemplified by 
papers by Ivanoff, Minorsky, and division members including 
Fairchild, Grebe, Mason, Sperry, and the present writer to men- 
tion a token few. The following comments are purely individual: 

It might offhand seem that servomechanisms should form ideal 
examples of control for mechanical engineers since the familiar 
elements are the inertia of a mass, the damping of a dashpot, and 
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the proportional effect of a spring. However, from the stand- 
point of the process-control engineer, these happen to overstress 
inertial and oscillatory effects. Also mechanical analogs are a 
bit more farfetched than the hydraulic which has the advantage 
of more closely corresponding with the electrical systems in which 
these electrical engineers really think. 

Ideally, each actual system should be directly followed in 
setting up the mathematical formulation which would then be 
used in a pure form in obtaining results. But this procedure 
would deprive the creative engineer of the stimulus derived from 
working in the medium of his experience. Since so much of the 
literature will be on electrical-engineering techniques, it appears 
that each active control engineer should become adept in their 
use. 

The experts in the servomechanism and control fields are un- 
fortunately not exceptions to the rule that the experts in an art 
always ball up the terminology and notation until they can be 
followed only by a like expert. Toa control engineer, if a regu- 
lated temperature is too high, the error would be positive and 
taken as (Tactual — Tset). To a “servomechanist,” it would 
seem that the temperature setting 7; was not being followed by 
the actual temperature 7’) and that the error would be (7; — 7>). 
For another example; probably the most important factor in 
control is the variable “load’’ which often affects a most in- 
convenient part of the plant with effects echoing around and 
around the system, whereas too often the servomechanist either 
entirely neglects the load change or shrugs it off as mere ‘“‘hash”’ 
or “noise,’”’ a mere random impulse without the dignity of 
identity. 

Again, the ‘‘controlleer”’ is charged with habitually over-simpli- 
fying analyses, using an occasional integral or appropriate de- 
rivative in visualizing the ills and cures of regulated systems refer- 
ence (16), whereas the servomechanist seems to tend to stick to the 
more readily available means for obtaining a typical (1 + T'p) 
term without, in so far as the present writer can see now that the 
veil of wartime secrecy has been pierced, creating any essentially 
new form of regulator. At least the controlleer can directly ex- 
press a ratio of effect te its cause and the lag without becoming in- 
volved in the width of a hypothetical frequency-transmission 
band and in such an acoustical abstraction as “decibels per 
octave.’’? The point appears to be that the tools of the different 
arts have different advantages to those who are familiar with 
their use. 

Finally, on this point, the controlleer’s need is for an approach 
which will enable him most flexibly to solve a wide variety of con- 
trol problems, whereas to the servomechanist, the temptation 
appears to be irresistibly strong to go overboard onoverspecialized 
treatments, e.g., the nondimensional approach, for the sake of 
greater efficiency in his special field at the expense of widest 
utility, with the result that anyone not working steadily in that 
field will usually save considerable time and be more certain of 
the correctness of his results if he starts from scratch and sticks 
to the closest relation between the physical phenomena and the 
mathematics. 

A noteworthy exception to this is that grand tool, the Nyquist 
method of testing stability. This is essentially so simple that it 
is difficult for even experts to confuse although they bring in the 
“conjugate complex,” and the idea of “negative frequencies.” 
It may be well here to restate the Nyquist criterion following 
Harris’ rule: A regulated system is unstable only if, 1 the 
sensitivity (effect/cause) exceeds unity at a lag of 180 deg, and 
2, the lag there increases with increasing frequency at the least 
value of sensitivity which is greater than unity. Of course in 
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any actual system the sensitivity finally must decrease to zero 
with increasing frequency. 

It may lend confidence in this method to note that this was in- 
dependently approached from purely practical considerations. 
The writer in 1936 remarked” that the time lags in a regulated 
system were best observed by taking effects in the same direction 
as their causes, which amounts to dropping the 180 deg for the 
control relation, as is now conventional. Ivanoff in 1938 (U. S. 
patent 2,268,285) showed familiarity with the requirement that 
the lag be 180 deg for steady hunting. And Fairchild in 1940 
(Temperature Symposium) noted that the further requirement for 
steady hunting was that the over-all sensitivity be unity. (In- 
cidentally, as Le Corbeiller noted, to tend to sustain oscillations 
reliably at substantially a definite amplitude, there must be such 
a nonlinearity that, upon a decrease of amplitude, the over-all 
sensitivity or ‘gain’ increases. All other material in this dis- 
cussion is limited to linear systems.) 

In evaluating the advances claimed in the paper: Apparently 
Harris (21) advanced the Nyquist technique mainly by using the 
grids of the paper’s Fig. 20 to show the sensitivity, with maxi- 
mum and minimum values of (6)/8;) where the circles are tangent 
to the Nyquist loci of the vectors. The advance of Hall (13) 
is mainly in the systematic correlation of the circuits and net- 
works with their control relationships; and Taplin’s pioneering 
use of (1 + gh) in the denominator, while limited to very simple 
systems such as elementary servomechanisms without multiple 
feedback loops, still had wide implications and represents a logi- 
cal operational advance. The foregoing is an offhand effort to 
bring the work of these contemporaries into better focus. 

It is unquestionably valuable to “block up” a system for the 
purpose of setting up the equations as a standard procedure, and 
to use a-c network techniques in obtaining the over-all sensitivity, 
gain, or transfer ratio, expressed by the appropriate gh. .. rela- 
tions. This is useful both as a test for stability and as an in- 
dication of the transient performance of the system under such 
standard forcing functions as the impulse, step, ramp, etc., by 
the use of the frequency-analysis techniques, notably the Fourier, 
as recently advocated by Harris. In other words, the formal 
transient analysis may be entirely replaced by the frequency 
approach. 

Since the paper refers to several publications of the authors’ 
group, it may be a service to engineers attempting to use such 
publications to note the following: In reference (1), Draper and 
Bentley, in Figs. 3 and 6, 1.58 should be 1.74. In reference (10), 
Weiss, the cubic chart IIIa is incorrect in part, a correction hay- 
ing appeared only in a classified paper by one of the authors; and 
in reference (11), Liu, an approximation-producing assumption 
appears to be unstated therein which affects the accuracy of this 
approach in certain ranges which are still useful in control. It is 
hoped that any like points which later turn up in present and 
future papers in this field will be scrupulously cleared by publica- 
tion. 

Nothing of the foregoing discussion is to be construed as 
minimizing the value of the papers by this group. Instead, the 
writer has noted that the ‘“‘servomechanism approach” is also of 
value" in control generally, paradoxically including self-operating 


10 ‘Automatic Regulators, Their Theory and Application,’’ by Fd 
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regulators. The writer is happy to express his indebtedness to 
members of this group and their works. 

It is the main purpose of the writer, as an occasional worker on 
control, objectively to direct the attention of other mechanical 
engineers to useful control tools wherever found. 


AuTHORS’ CLOSURE 


The authors appreciate the comments made by Messrs. Con- 
cordia, MacColl, and Smith, particularly for their efforts to sup- 
plement the work given in the paper. 

Mr. Concordia’s comments on the usefulness of a Differential 
Analyzer to aid in the design are very pertinent though such de- 
vices are not widely available. However, as the work on simila- 
tors or transient analyzers'? for dynamical systems progresses 
and more of them become available their use may get widespread 
adoption. The one difficulty still remaining will be that of de- 
termining the parameters of the elements of the system or the 
various functional relationships that define the system elements. 
Then, of course, when these data are known a great deal can be 
done by steady-state sinusoidal analyses by persons not having 
the use of a Differential Analyzer. By skillful direction of ex- 
perimental techniques during the determination of much of the 
basic data on the components, the work of applying the steady- 
state methods of analysis is considerably reduced. 

Dr. MacColl’s comments are very pertinent, particularly when 
one realizes the wide range of physical quantities encountered in 
any single control system and the relative ease with which cer- 
tain quantities can be measured in practice and the relative status 
of the art of measurement of other quantities. For example, at 
one end of the seale one observes the simplicity and accuracy 
with which time-varying electrical quantities can be measured 
compared with the difficulties at the other end of the scale in- 
volved in measuring time-varying quantities such as acceleration, 
pressure, strain, fluid flow and the like. 

Dr. MacColl’s comments on the need to change the shape of 
the locus on the Nyquist diagram are appreciated for they give 
added emphasis to the point which, while included in the treat- 
ment under section 19 of the paper, was probably not stressed 
as much as it might have been. 

Mr. Ed Smith’s summary of the control analysis and synthesis 
picture as it exists today is a very timely one. Wartime empha- 
sis on extending analytical techniques in this field were very 
intense. The old oft-stated gap that used to exist between 
thé various engineering professions is rapidly narrowing as the 
analytical techniques of the communications engineer are ex- 
plained to the mechanical engineer, and the ‘‘systems’’ concept is 
applied more and more vigorously to control problems. The in- 
tegration within the professions is being stimulated by discussions 
between professional groups who, until a few years ago, had few 
common problems. Nowadays One finds a great deal of mathe- 
matics, electronics, circuit theory, electrical machinery theory, 
hydraulic machinery theory being interwoven into a co-ordinated 
systems design with corresponding benefit to that branch of the 
art being developed by each group. But this interweaving or 
integrating is occurring with harmony and a degree of co-opera- 
tion between engineers of widely different background, in a very 
interesting way. 

12 “*Blectrical Analogy Methods Applied to Servomechanism 
Problems,” by G. D. MeCann, 8. W. Herwald, and H. 8. Kirsch- 
baum, Trans. A.I.E.E., vol. 65, February, 1946, pp. 9f-96. 
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Conversion of Measurements of Power Out- 


put of Diesel Engines to Standard 
Atmospheric Conditions 


This report presents and analyzes data obtained on the 
effect of ambient or atmospheric conditions on the power 
output of three normally aspirated commercial four- 
stroke-cycle Diesel engines. Different ambient conditions 
were simulated by maintaining the desired pressure in 
each of two surge tanks, one connected to the intake and 
one connected to the exhaust of the engine. The simu- 
lated absolute pressures ranged from 20 to 30 in. of mer- 
cury. Most of the tests were made at the prevailing 
atmospheric temperature but a series of tests with one 
engine was made at an intake temperature of approxi- 
mately 230 F. Analysis of the results showed that an 
algebraic relation could be obtained between so-called 
“derived indicated efficiency’? and fuel:air ratio. This 
relation is independent of ambient conditions and is used 
in the development of rational procedures for correcting 
measurements of power output made at existing test 
atmospheric conditions to any arbitrarily selected stand- 
ard ambient condition. Using certain of the basic rela- 
tions developed, an expression was derived for computing 
the brake horsepower of an engine at any ambient density 
and rate of fuel consumption. Computed values were 
within 0.7 hp of values determined experimentally. The 
report also reviews previous work in the field and indicates 
the need for further work to obtain the complete solution 
of the problem desired by the A.S.M.E. Special Research 


Committee on Internal-Combustion Engines. 


INTRODUCTION 


N making performance tests of Diesel engines, differences in 
the density and moisture content of the ambient atmosphere 
are inevitable at different test locations and at different times 
in the same location. Since the power output of a Diesel engine 
operated at a given speed and throttle setting is affected by 
changes in the density of the intake air, it is desirable to develop 
methods for correcting the power output of an engine determined 
at existing ambient conditions to power output at some arbi- 
trarily chosen standard ambient condition. 
Members of this Society, who were instrumental in organizing 
the Special Research Committee on  Internal-Combustion 
Engines, recognized the need for fundamental information on 


' Progress Report No. 1, for the A.S.M.I. Special Research Com- 
mittee on Internal-Combustion Engines. Published by permission 
of the Director, Bureau of Mines, United States Department of the 
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methods for expressing the power output of Diesel engines at 
standard ambient conditions, and a program of research (4)? was 
prepared outlining the work required to develop the necessary 
information. In formulating this program an analysis was 
made of performance data on Diesel engines obtained incidentally 
by the Bureau of Mines in studies of the effect of barometric 
pressure on the composition of the exhaust gases produced by 
Diesel engines. The tests were limited in scope in so far as engine 
performance is concerned since the main objective of the Bureau 
of Mines investigation was to determine the hazards of operating 
Diesel engines underground in places where the barometric pres- 
sure might be low. In spite of this, analysis of the data furnished 
considerable information on possible methods for correcting the 
power output of Diesel engines to standard ambient conditions 
and on the probable magnitude of the correction factors. The 
committee thought that it might be desirable to publish this in- 
formation in a progress report discussing the general problem, 
analyzing the data available, and indicating the additional in- 
formation required to obtain a complete solution. Accordingly 
the following report has been prepared: 

The paper presents methods for converting measurements of 
power output determined at existing ambient conditions to power 
output at some arbitrarily selected standard ambient condition. 
This general procedure is commonly referred to in technical 
literature as correcting power output to standard ambient condi- 
tions and the multiplying factors for doing this are referred to as 
correction factors. This terminology is used in this paper but it 
is pointed out that the tests reported here were not broad enough in 
scope to permit the development of correction factors applicable 
to allengines. Because of this the somewhat more general term 
conversion has been used in the title to describe basic procedures 
developed. 


REVIEW oF Previous Work 


Tests on the effect of atmospheric conditions on the power out- 
put of Diesel engines are reported in the literature, but none of 
the previous investigations has provided a generally applicable 
method for correcting measurements of the power output of 
Diesel engines to standard ambient conditions. 

The results of tests to determine the effect of humidity, tem- 
perature, and pressure on the power output of a four-cylinder, 
four-stroke-cycle Diesel engine were reported by Everett (5). 
From these tests it was concluded that, at a given speed and 
throttle setting, humidity did not affect power output signifi- 
cantly, and that both temperature and pressure affected power 
output but the fundamental variable was density. 

Everett’s work (5) and later work of Doolittle (2) furnish ex- 
perimental evidence on the very minor effect of humidity when 
excess air is present. 

The results obtained by Everett (5) on the effect of pressure on 
power output may not represent the effect under normal operating 
conditions because in his tests the pressures at the intake and 
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TABLE 1 
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DESCRIPTION OF ENGINES TESTED 


A 
Engine Four-stroke-cycle, Four-stroke-cycle, Four-stroke-cycle, 
Type normally aspirated normally aspirated normally aspirated 
Number of cylinders............ 4 4 6 
| 51/s 6 
Piston displacement, cuin........ 312.1 « 226.2 672 
Maximum rated speed, rpm....... 1400 2600 1800 
Maximum rated bhp with all ac- 
cessories except fan........... 44 70 150 
Individual pump for Individual pump for Single-plunger, low- 


each cylinder; 


fuel each cylinder; fuel 


pressure metering and 


delivery controlled delivery controlled distributing type 
by pump-plunger by- by pump-plunger by- 
pass pass 
hole orifice, Circumferential ori- Cam-actuated plunger- 
flat-faced valve seat fice (pintle nozzle); type injector for each 


Type of injection valve.......... 


Operating pressure of injection 
valve discharging into air at 


atmospheric pressure, psi. . 1500 


conical valve seat eylinder. Six spray 


holes in each injector 


1650 


[Cylindrical recom- Spherical turbulence Directed spray; small 
/bustion chamber or air-swirl chamber  air-cell in piston head 
) with cone-shaped 
lends 
{ Positive circulation, Positive circulation, Positive circulation, 
{thermostatically con- thermostatically con- thermostatically con- 
trolled trolled trolled 


final exhaust were not equal. For example, the pressure at the 
intake ranged from 10 to 16 psia, but the pressure at the final ex- 
haust was always atmospheric (28.79-29.15 in. of mercury). 
Differences between the pressure at the intake and final exhaust 
may cause flow into or out of the cylinder during the period of 
valve overlap, depending upon the relation between the two 
pressures. This condition is abnormal, and it is desirable there- 
fore to maintain equal pressures at the intake and final exhaust 
in studies of the effect of ambient conditions on the power output 
of Diesel engines. 

Results reported by Taylor (11) and some of the results re- 
ported by Doolittle (2) also were obtained by operating engines 
at reduced intake pressures and atmospheric exhaust pressure 
and therefore may not represent normal operation at reduced 
ambient pressures. Data given by Taylor (11) and Doolittle (2) 
on the effect of temperature apply only to the engine tested and 
no attempt was made to generalize the results quantitatively 
although qualitative generalizations were made by Taylor (11). 

Dennison (1) proposed a method for comparing the perform- 
ance of different Diesel engines, but this method was intended to 
facilitate comparison of competitive designs and is not adaptable 
to the development of correction factors for power output. 

Moore and Collins (8) have published the results of extensive 
tests on the effect of atmospheric conditions on the performance 
of a single-cylinder Diesel engine. These tests included deter- 
mination of the effect of temperature at constant pressure; the 
effect of pressure at constant temperature; and the effect of 
changing both temperature and pressure simultaneously. All 
of these tests were made with the pressure at the intake equal to 
the pressure at the final exhaust. In addition, tests were made 
with intake pressure greater than and less than the pressure at the 
final exhaust. Moore and Collins contributed considerable in- 
formation but many of their tests were made at fuel : air ratios 
far on the rich side, a condition of little practical interest. Fur- 
thermore, their analysis of the results was not carried sufficiently 
far to develop the fundamental theory on the effect of atmos- 
pheric conditions on power output of Diesel engines. 

In preparation for an investigation by the Bureau of Mines on 
the effect of atmospheric conditions on the exhaust gases produced 
by Diesel engines, a study was made of the published results men- 
tioned. This study disclosed that correlation of indicated ther- 
ma efficiency with fuel: air ratio had not been examined in 
analyzing the results of performance tests made at different 
ambient conditions. Such a correlation is of interest because 


thermodynamic considerations show that these factors are re- 
lated in the theoretical fuel : air cycle (6, 10). Furthermore, it 
might be expected that this fundamental relationship would be 
unaffected by changes in ambient conditions at least over « 
relatively wide range of conditions. That this was true was 
indicated by an analysis (3) of the data of Moore and Collins (8). 
Once this had been established it was possible to suggest a rational 
basis (3) for developing methods of correcting the power output 
of a Diesel engine to standard ambient conditions. 


Score oF PRESENT REPORT 


This report includes a discussion of the results of performance 
tests made at different simulated ambient conditions on three 
different commercial, four-stroke-cycle, normally aspirated Diese! 
engines. Methods for analyzing the data are presented and 
methods for correcting power output to standard ambient condi- 
tions are developed and applied to the results of actual tests. 
These methods are modifications or extensions of the fundamental 
theory presented in a previous paper (3) by the author. 


APPARATUS AND PROCEDURE 


The principal features of the three engines 
tested are summarized in Table 1. Engines B and C were 
directly coupled to the dynamometer. Engine A was coupled to 
the dynamometer through a clutch. An auxiliary cooling system 
was used and all engines were tested without radiator or fan. 
The cooling-water circulating pump was driven by the engine in 
all tests. 

Fuel. The chemical and physical properties of the fuels used 
are given in Table 2. Fuel F was used in tests of engine A at 600, 


Engines Tested. 


TABLE 2. CHEMICAL AND PHYSICAL PROPERTIES OF FUELS 


Designation of fuel F G 
Flash point (P.M.C.C.), F. 157 150 
Water and sediment - Trace Trace 
Viscosity, 8.U. at 100 F, sec. 34 33 
centipoises at 100 F. 1.93 
Carbon residue on 10% bottoms, per s 
cent by weight 0.010 0.016 
Specific gravity 60/60 F. 0.8295 0.8314 
Pour point (upper), F. —2 —20 50 
Cetane number Not less than 50 Not less than 5 
Sulphur, per cent by weight 0.1 0.2 
Hydrogen, per cent by weight 13.4 13.4 
Carbon, per cent by weight 86.1 a 
Oxygen, per cent +! weight 0.4 0.: 
Nitrogen, per cent by weight 0.0 0.0 
Heating value, (upper), Btu per lb 19590 19560 


. 
A. 
as 


, 1000, and 1400 rpm; fuel G in tests of engine B; and fuel F in 
tests of engine C, 

Dynamometers, Tests of engines A and C were made using a 
water-cooled induction-type dynamometer rated at 200 hp from 
1200 to 4000 rpm. A direct-current dynamometer rated at 45 hp 
from 1200 to 2500 rpm was used in tests of engine B. This latter 
dynamometer was used in determining friction horsepower in 
motoring tests of all three engines. 


.QUIPMENT FOR SIMULATING OPERATION AT DIFFERENT AMBIENT 
CONDITIONS 


Operation at different ambient conditions was simulated by 
maintaining the desired pressure in each of two surge tanks. One 
of these tanks was connected to the intake of the engine and one 
to the exhaust (see Fig. 1). The intake surge tank was 17.5 in. 
diam and 84 in. in length. The exhaust surge tank was 22 
in. diam and 60 in. in length. 
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Pig. 1) DriaGRAMMATIC SKETCH OF ARRANGEMENTS FOR TESTS AT (A) 

AMBIENT Pressures Less THAN PREVAILING BaromMetTRIC PReEs- 

sure ‘any (B) AMBIENT PRESSURES GREATER THAN PREVAILING 
BAROMETRIC PRESSURE 


In tests at low ambient pressures (20 and 25 in. of mercury abs), 
the desired pressure in the intake tank was obtained by throttling 
a valve on the upstream side of the tank. The pressure in the 
exhaust surge tank was maintained the same as that in the intake 
surge tank by a Roots-Connersville exhauster driven in some 
tests by a gasoline engine and in others by an electric motor (see 
Fig. 1A), 

In tests at a simulated ambient pressure of 30 in. of mercury 
abs, which was greater than the prevailing barometric pressure, 
the Roots-Connersville exhauster was used to compress air to the 
intake surge tank. The pressure in the exhaust surge tank was 
maintained at 30 in. of mercury abs by throttling a valve on the 
downstream side of the tank (see Fig. LB). 

In some tests arrangements were made for heating the intake 
air by manually controlled strip heaters installed in an insulated 
pipe 6 in. diam just upstream from the intake manifold (see Fig. 


1). 
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Test ProcepURE 


The desired pressures in the intake and exhaust surge tank 
were obtained as just outlined when the engine was operating at 
the speed and load selected. Final adjustments were then made 
in speed, load, and pressure in intake and exhaust surge tanks. 
The engine was then operated until equilibrium was attained and 
the test data recorded. 

Fuel consumption was determined by an automatic fuel-weigh- 
ing device which operated an electric clock and revolution coun- 
ter. 

Air was measured by noting the differential pressure across a 
thin-plate orifice upstream from the intake surge tank. The 
orifice and connections were installed in accordance with the 
published recommendations of the A.S.M.E. Special Research 
Committee on Fluid Meters. 

In most tests with each engine the composition of the exhaust 
gases was determined by analysis in a Haldane apparatus. 
From this analysis and from the analysis of the fuel it was 
possible to compute the fuel:air ratio. The values obtained 
agreed very closely (generally within +2 or 3 per cent) with 
values computed from direct measurements of fuel and air con- 
sumption. 

It was not possible to motor engines connected to the induc- 
tion-type dynamometer. Therefore friction-horsepower deter- 
minations were made with the engines motored by the direct- 
current dynamometer. In these tests the engine was warmed up 


TABLE 3 RESULTS OF TESTS OF ENGINE B AT 1000 RPM 
NORMAL TEMPERATURES AND DIFFERENT SIMULATED 
AMBIENT PRESSURES 

Fuel: Volu- Density 
Cor- Fuel air metric Tempera- at 
rected consump- ratio, effi- ture at intake, 
Test brake tion, lb per ciency, intake, lb per 
no, Ip. hp? Ib per hr? Ib percent F cu ft 
Nominal absolute pressure at intake and exhaust, 30 in. of mercury‘ 
47 0.3 0.3 2.05 0.0079 90 78 0.0728 
5l 0.¢ 0.9 2.28 0.0094 87 92 0.0708 
48 2.5 2.5 2.58 0.0103 88 80 0.0725 
56 2.6 2.6 2.74 0.0108 87 76 0.0738 
49 5.0 5.1 3.30 0.0133 88 81 0.0721 
57 §.1 §.1 3.42 0.0135 88 80 0.0735 
52 7.5 7.6 4.13 0.0168 87 85 0.0718 
58 10.0. 10.1 4.92 0.0197 87 82 0.0733 
53 12.5 ieee 5.67 0.0232 87 86 0.0715 
50 12.5 12.8 5.66 0.0237 84 83 0.0720 
59 15.0 15.3 6.50 0.0261 87 83 0.0730 
60 17.5 17.7 7.34 0.0294 87 84 0.0733 
54 20.0 20.4 8.27 0.0343 86 89 0.0711 
61 22.5 22.9 9.22 0.0378 86 86 0.0726 
62 25.0 25.7 10.41 0.0429 85 88 0.0725 
55 27.5 28.6 11.68 0.0498 84 91 0.0709 
63 27.5 28.1 11.50 0.0480 84 90 0.0722 
Nominal absolute pressure at intake and exhaust, 25 in. of mercury® 
97 0.2 0.3 1.98 0.0096 90 100 0.0588 
75 0.3 0.4 2.03 0.0100 88 102 0.0587 
76 5.1 5.4 3.38 0.0167 88 102 0.0587 
77 10.1 10.7 5.00 0.0248 87 102 0.0589 
78 15.0 16.1 6.76 0.0341 86 103 0.0587 
111 15.2 16.1 6.67 0.0319 87 80 0.0612 
112 17.6 18.8 Gaal 0.0371 86 82 0.0611 
79 20.1 22.0 8.80 0.0456 102 0.0587 
113 22.6 24.7 10.14 0.0496 85 84 0.0610 
114 23.8 26.4 11.18 0.0559 84 84 0.0608 
80 25.2 29.3 12.43 0.0656 82 103 0.0586 
Nominal absolute pressure at intake and exhaust, 20 in. of mercury* 
87 0.4 0.6 2.06 0.0118 84 100 0.0469 
100 0.4 0.6 2.10 0.0131 87 100 0.0469 
104 0.3 0.5 2.13 0.0133 88 100 0.0466 
83 5.0 5.4 3.30 0.0151 86 101 0.0471 
89 10.2 11.5 5.11 0.0328 84 101 0.0470 
101 12.6 14.4 6.12 0.0396 83 100 0.0475 
90 15.1 17.7 7.19 0.0467 83 101 0.0472 
115 15.2 17.5 7.18 0.0434 86 73 0.0491 
116 17.3 20.6 8.44 0.0520 84 81 0.0484 
117 18.3 22.1 9.03 0.0570 83 82 0.0484 
119 18.8 23.4 9.88 0.0625 83 86 0.0480 
118 19.2 25.0 11.06 0.0706 83 82 0.0484 
91 19.6 27.7 12.45 0.0840 80 100 0.0471 


1 At test intake conditions. 

2 Corrected to nominal speed of 1000 rpm. 

* Corrected to intake conditions of 29.92 in, of mercury absolute pressure, 
temperature 60 F, density of 0.0765 lb per cuft. Equation [23] used. 

4 Actual range of pressure 29.5—30.1 in. of mercury. 

5 Actual range of pressure 24.9—25.1 in. of mercury. 

* Actual range of pressure 19.9—20.3 in. of mercury. 
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until the equilibrium lubricating-oil temperature was attained 
and motoring friction determined at this condition. 


Test RESULTS 


The results of a typical series of tests on one of the engines are 
given in Table 3. To eliminate minor effects of deviations of 
actual speed from the nominal speed, the data on speed, fuel con- 
sumption, and horsepower are corrected to the nominal speed by 
assuming horsepower and fuel consumption to be directly pro- 
portional to speed. The correction is minor as the average speed 
was generally within +5 rpm of the nominal speed and never 
exceeded +15 rpm. 

DISCUSSION OF RESULTS 

Basis for Comparing Results. The effect of ambient conditions 
on the power output of a Diesel engine can be determined by 
maintaining constant all engine operating conditions and all 
ambient conditions except the one whose effect is being studied. 
This means that comparisons of the results of tests in which a 
particular ambient condition is varied must be made at the same 
speed and throttle setting. In the Diesel engine the position of 
the throttle or throttle setting fixes the quantity of fuel injected 
at a given engine speed. If both speed and throttle setting are 
maintained constant, it is obvious that the quantity of fuel sup- 
plied, or in other words the fuel consumption, will be constant 
and will not be affected by ambient conditions. Therefore com- 
parison of power outputs obtained at different ambient conditions 
must be made at the same rate of fuel consumption. This com- 
parison can be made most conveniently by plotting brake horse- 
power against fuel consumption for each ambient condition 


studied. 


Errect oF AMBIENT CONDITIONS ON Brake HorsEPOWER 


The effect of ambient pressure on the brake horsepower of 
engines A, B, and C is shown in Figs. 2, 3, 4, and 5. The effect 
of ambient temperature (at ambient pressures of 30 and 20 in. of 
mercury abs) on the brake horsepower of engine B is shown in 
Fig. 6. 

These results are presented to give a general idea of the magni- 
tude of the effect of ambient conditions on brake horsepower and 
to show how the effect varies throughout the operating range of 
the engine tested. The following generalization may be made: 

Reductions in ambient pressure or increases in ambient tem- 
perature cause significant reductions in brake horsepower at high 
rates of fuel consumption (higher loads). Ambient pressure or 
temperature does not affect brake horsepower significantly at low 
rates of fuel consumption (light loads). 

The foregoing discussion is on the basis of the effect of the inde- 
pendent variables, pressure and temperature. It will be shown 
subsequently that density is the fundamental variable, and from 
the foregoing it is evident that reductions in ambient density 
cause reductions in brake horsepower at the higher loads but that 
ambient density does not affect brake horsepower significantly at 
light loads. 

If data similar to those presented in Figs. 2 to 6, inclusive, were 
available for an engine it would be possible to determine correc- 
tion factors graphically. However, it is desirable to develop 
other methods that might be more convenient and more generally 
applicable. In the succeeding sections the data are analyzed 
further to develop more rational procedures for determining 
correction factors for power output. 


RELATION BETWEEN INDICATED EFFICIENCY AND FUEL: AIR 
Ratio 

The theoretical or maximum possible thermal efficiency of a 

given internal-combustion engine can be computed from the 
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thermodynamic properties of the working fluid. Since these 
properties are related to fuel : air ratio it is evident that thermal 
efficiency must also be related to fuel : air ratio. 

The relation between computed maximum thermal efficiency 
and fuel: air ratio for a limited-pressure fuel: air cycle and for an 
assumed compression ratio of 13.9 to 1 is shown in Fig. 7. The 
details of this computation have been reported previously (3) but 
it should be mentioned here that the limited-pressure cycle was 
chosen because it represents a rational criterion for comparing 
actual cycles of high-speed Diesel engines. The limited pressure 
at a given fuel: air ratio was obtained from data published by 
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Rothrock and Waldron (9) who made tests on an engine having a 
compression ratio of 13.9: 1. 

Fig.7 shows that at fuel : air ratios, within the normal operating 
range of a Diesel engine, the relation between computed thermal 
efficiency and fuel:air ratio is linear. Since this relation is funda- 
mental it might be expected that it would be independent of am- 
bient conditions. It is of interest therefore to examine the rela- 
tion between indicated efficiency and fuel : air ratio for the actual 
test results obtained at different ambient conditions. 
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RELATION 
EFFICIENCY 


Facilities for determining indicated horsepower directly were 
not available in the Bureau of Mines tests. Accordingly, as an 
approximation, indicated horsepower was assumed to be equal to 
brake horsepower plus friction horsepower determined in motor- 
ing tests. It is recognized that indicated horsepower determined 
in this manner may be in error because of the well-known limita- 
tions (10) in determining friction horsepower in motoring tests. 
It should be mentioned, however, that errors in determining fric- 
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tion horsepower become less significant at the higher power out- 
puts because if these errors are not too great they represent only a 
relatively small fraction of the indicated horsepower. For this 
reason trends at higher power outputs (higher fuel : air ratios) can 
be considered as being relatively unaffected by errors in deter- 
mining friction horsepower. 

For convenience, indicated efficiency will be expressed as indi- 
cated horsepower-hours per pound of fuel (ihp + Ib of fuel per 
hr). This factor does not have the same numerical value as 
indicated efficiency, but it is directly proportional to indicated 
efficiency when the heating value of the fuel is substantially con- 
stant as it was in the tests reported herein. For brevity, this 
factor will be referred to as “indicated efficiency” in this report. 
Obviously, indicated horsepower-hours per pound of fuel can be 
converted to indicated thermal-efficiency ratio by multiplying by 
the factor 2545 + (heating value of fuel, Btu per lb). This con- 
version would of course be essential in analyzing results obtained 
with fuels having widely different heating values. 

The relation between indicated efficiency determined as out- 
lined and fuel : air ratio is shown in Figs. 8, 9, 10, 11, and 12. 
Figs. 11 and 12 which represent, respectively, results of test of 
engine B at 1000 rpm and engine C at 600 rpm, show that the 
relation is linear and independent of ambient conditions at 
fuel ; air ratios greater than approximately 0.02 lb per lb. Figs. 
8, 9, and 10 which represent, respectively, the results of tests of 
engine A at 600, 1000, and 1400 rpm, show that for all practical 
purposes the relation is independent of ambient conditions and 
could be approximated by a linear function at fuel: air ratios 
greater than approximately 0.025 lb per lb. However, at fuel : air 
ratios less than this the results of tests of engine A indicate that 
the relation is not independent of ambient conditions and is not 
linear. 

Since theoretical considerations strongly suggest that the rela- 
tion between indicated efficiency and fuel : air ratio should be unaf- 
fected by changes in ambient conditions, it is necessary to seek an 
explanation for deviations of test results from this presumption. 

If combustion efficiency is affected by ambient conditions, it is 
obvious that indicated efficiency will not be independent of 
ambient conditions as predicted by thermodynamic considera- 
tions which assume complete combustion. In the tests reported 
here precise gas-analysis methods were used and carbon mon- 
oxide and aldehydes, which are products of incomplete combus- 
tion, were determined with considerable precision. The method 
used for carbon monoxide is sensitive to 0.01 per cent carbon 
monoxide and the method for aldehydes is sensitive to 5 ppm. 
The results of such gas analyses showed that the concentration 
of these products of incomplete combustion at a given fuel ;: air 
ratio were not affected significantly by changes in ambient pres- 
sure. Since there was no detectable increase in smoke produc- 
tion, it would seem that the apparent reductions in indicated 
efficiency at the low ambient pressures and low fuel : air ratios 
could not be accounted for on the basis of reductions in combus- 
tion efficiency. 

Combustion knock was observed at the lower ambient pres- 
tures. Ignition delay probably is greater under such conditions 
because of the lower partial pressure of oxygen. The apparent 
effect of ambient conditions on indicated efficiency might have 
been due to the increased tendency to knock. However, if this 
were the case it would seem that a significant effect would have 
been observed at the higher fuel:air ratios where combustion 
knock was most severe. Since the indicated efficiency was 
apparently affected significantly by ambient pressure only at the 
lower fuel:air ratios, it is possible that combustion knock may 
not have been a factor. This cannot be stated definitely without 
further refinements in testing methods. 

Indicated horsepower is only approximated when it is deter- 
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mined from measurements of brake horsepower and friction 
horsepower in motoring tests. As mentioned previously any 
inaccuracy in determining friction horsepower will be a larger 
proportion of the indicated horsepower at light loads (low fuel : air 
ratios) than at higher loads. It is possible therefore that the ap- 
parent effect of ambient pressure on indicated efficiency at the 
lower fuel:air ratios may have been only the result of unavoidable 
inaccuracies in determining friction horsepower. 

It seems desirable therefore to seek a method for approximat- 
ing indicated horsepower and ultimately indicated efficiency that 
does not involve determination of friction horsepower in a motor- 
ing test. Such a method is described in the following section. 


INDICATED EFFICIENCY 


As mentioned previously, theoretical considerations point to « 
relation between indicated efficiency and fuel: air ratio that is 
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independent of ambient conditions. The test results analyzed, 
as outlined, show that for all practical purposes this is true at the 
higher fuel : air ratios and that the relation is linear under these 
conditions. Let us assume therefore that linear relation exists 
in the actual engine and let the indicated efficiency determined 
from this relation be designated as “derived indicated efficiency.”’ 
The assumed linear relation can be expressed by the following 
equation 


in which 
e = derived indicated efficiency, expressed as ihp-hr per lb of 
fuel 

fuel : air ratio, lb per lb 

intercept on y-axis (constant for a given engine and given 
engine speed) 

a = slope (constant for a given engine and given engine speed) 


€0 


Using the following nomenclature: 


» = brake horsepower 

c = derived friction horsepower (assumed constant for a given 
engine and given engine speed) 

i = derived indicated horsepower 

F = fuel consumption, lb per hr 

v = volumetric efficiency (expressed as a ratio) 

p = density of ambient atmosphere, lb per cu ft 

Q = volume displaced by pistons on intake stroke, cu ft per hr 


Then 


Substituting in Equation {2} the value of e from Equation [1], we 
obtain 


Since 


If a series of tests is made at constant speed, at selected loads 
from no load to full load, and at a given set of ambient conditions, 
the value of b, F, and f will be obtained at each test condition. If 
we select from the data one set of values },, F;, and f; then from 
Equation [5] 

by +c= | 


Subtracting Equation [6] from [5] and assuming that c is constant 
at a given speed and is independent of load 


b— = e(F — — af fF [7] 
Dividing Equation [7] by (F — F,) we obtain 
b— by fF —fiF; 

(8) 


Remembering that b, 7, and f can be any set of values in a series of 
tests at constant speed but at different loads and that b,, F:, and f; 
are one particular set of values chosen arbitrarily, then Equation 
F —fiF, 
should result and it will be possible to evaluate the constants ¢ 
and a. It is apparent therefore that Equation [8] offers a 
method for determining the relation between derived indicated 
efficiency and fuel : air ratio by measuring only brake horsepower, 
fuel ; air ratio, and fuel consumption in a series of tests at constant 
speed but at different loads. 
To determine the applicability of the foregoing method of 


[8] shows that if is plotted against 
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the test results and are plotted in Figs. 13, 14, 15, 16, and 17. In 
making the computation, the test at minimum load for each con- 
stant ambient condition was arbitrarily chosen for determination 
of the value of by, F:, and fi. 

Figs. 13, 14, and 15, respectively, represent test results obtained 
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with engine A at 600, 1000, and 1400 rpm. It will be observed 
that at a given speed the results obtained at all ambient conditions 
can be represented with good precision by a linear relation. The 
same conclusion is indicated by Fig. 16 which represents data 
obtained in tests with engine B at 1000 rpm, and by Fig. 17 
which represents data obtained in tests with engine C at 600 rpm. 
The average deviation from the average curve is approximately 
0.08 ihp-hr per lb of fuel. Thus the average curve represents 
derived indicated efficiency with an average relative error that 
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Fic. 17 


ranges from approximately 2 to 3 per cent. It will be observed 
that individual points are dispersed at the lowest values of 
JF — fils 

(see Fig. 16). 
cannot be determined precisely when this difference is low. For 
example, an absolute error of 0.2 hp represents a relative error of 
10 per cent when b — 4, is of the order of 2 hp. 

The values of the parameters ¢) and a were determined by the 
method of averages (7) and are given in Table 4. In determining 
the average points the data for each engine speed were divided 
into two groups above and below an arbitrarily selected value of 
JF —fiF 

F—F,° 
this term and were as follows: 0.04 for tests of engine A; 0.05 
for tests of engine B; and 0.045 for tests of engine C. Table 4 


This occurs because the different b — h, 


The values selected were in the middle of the range of 


eo 
also shows values of — as these are required in a subsequent sec- 
a 
tion of the report. 


TABLE 4 VALUES OF e« AND a IN RELATION e = es — af 


Engine speed, & 

Engine rpm eo a a 
A 600 4.13 22.7 0.182 
A 1000 4.28 23.6 0.181 
A 1400 4.42 24.4 0.181 
B 1000 3.98 20.6 0.194 
Cc 600 19.2 0.191 


It will be observed that the values of eo and a appear to be 
affected by engine speed and type of engine. Therefore each 
set of values applies only to a particular engine and a particular 
engine speed. However, from the limited data available it ap- 


pears that Pe is approximately the same for the three engines 
a 


tested and may not be affected by engine speed. If this is true 
for a number of engines, it would be possible to develop one set of 
correction factors applicable to all engines. 


In connection with the apparent constancy of re it is of interest 
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to note that — is the fuel: air ratio at which both derived indicated 
a 


horsepower and brake horsepower pass through a maximum. 
This can be shown by substituting for F its value fQup in Equation 
([3] or [5]; taking the derivative of i or b with respect to f; equat- 
ing the derivative to zero and solving for f. Since the fuel : air 
ratio at which maximum horsepower is obtained is a function 
chiefly of the thermodynamic properties of the working fluid, it is 


not surprising that ~ which is twice this ratio should be approx- 
a 


imately the same for different engines. It should be pointed out 
that Equation [1] only approximates derived indicated efficiency 


at fuel: air ratios on the rich side and therefore = probably is 
a 
not the exact fuel: air ratio that results in maximum power. 
Nevertheless = is an approximation of this particular fuel : air 


ratio and therefore it is not unreasonable to expect that it has the 
same general property of being determined principally by thermo- 
dynamic considerations and of being more or less independent of 
engine design. 

From the foregoing it is apparent that we have a relation that 
is independent of ambient conditions and that can therefore be 
used in the development of rational procedures for correcting 
power output to standard ambient conditions. It is not claimed 
that the value of e obtained from Equation [1] is the true indi- 
cated efficiency, and for that reason it has been called derived 
indicated efficiency. Although the value of e is somewhat em- 
pirical, nevertheless we can operate algebraically with Equation 
{1] since it represents actual test data with reasonable precision. 

The evaluation of the parameters é¢ and a permits evaluation 
of the parameter c in Equation [5]. It will be remembered that ¢ 
is designated as “derived friction horsepower.” Solving Equa- 
tion [5] for c we obtain 

c = (e9 — af)F — b..... [9] 


Since the values of b, F, and f are known for any test condition it 
is possible to determine c. 

The values of c obtained using the values of eo and a for the 
engine and engine speed in question (see Table 4) are given in 


c 
Table 5. Values of 0 are also given as they are required in a 


subsequent section of the report. 

It will be observed that the average values of derived friction 
horsepower given in Table 5 are always greater than the fric- 
tion horsepower determined in motoring tests (except for engine B 
at 30 inches absolute pressure and normal temperature). In gen- 
eral, the value of c tends to decrease as the ambient pressure is 
reduced. This same tendency was observed in the friction horse- 
power determined in motoring tests. The maximum and mini- 
mum values of ¢ for each series of tests are given in Table 5 and 
indicate that at a given engine speed c is “constant” within rea- 
sonable limits. The computed values of c did not appear to be 
related to fuel : air ratio. 


Metuops oF CorrEcTING Power-Ovutput DETERMINATIONS TO 
SranparD AMBIENT CoNDITIONS 


Derivation of Relations. Starting with Equation [1] which is 
independent of ambient conditions, we can derive expressions for 
converting measurements of power output to standard ambient 
conditions. Several expressions can be derived depending upon 
which parameters are retained. One such expression is derived 
in this section and two other forms of the correction equation are 
given. 

If the subscript s denotes standard ambient conditions and the 


2 
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Ag 
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TABLE 5 VALUES OF DERIVED FRICTION HORSEPOWER, c 


Absolute 

pressure 

atintake Temperature Friction 

Engine and ex- range at horsepower 
speed, haust, in. intake, -—————Values of from motoring 
Engine rpm _ of mercury F Maximum Minimum Average t Q 
A 600 30 80-94 7.8 a! 7.3 6.6 0.00224 
A 600 25 71-76 7.2 6.8 6.9 6.0 0.00212 
A 600 20 70-74 pe 6.4 6.8 5.3 0.00209 
A 1000 30 74-97 14.0 12.6 13.2 11.3 0.00247 
A 1000 25 70-96 13.1 11.6 12.0 10.0 0.00223 
A 1000 2 71-91 13.3 11.5 ae 9.1 0.00220 
A 1400 30 90-105 20.6 19.5 19.8 15.4 0.00261 
A 1400 25 76-80 18.9 18.4 18.7 14,2 0.00246 
B 1000 30 76-92 73 6.9 7.3 7.4 0.00186 
B 1000 25 80-103 7.8 6.7 7.3 6.8 0.00186 
B 1000 20 73-101 7.8 6.6 Pe 6.1 0.00181 
1000 30 221-232 8.3 7.3 OY 7.2 0.00196 

B 1000 25 230-232 7.5 7.2 7.3¢ 6.8 0.00186 
B 1000 20 230-233 72 6.4 6.84 6.2 0.00173 
Cc 600 30 102-112 10.9 9.2 10.2¢ 8.7 0.00146 
Cc 600 25 77-92 10.1 7.5 9.34 8.2 0.00132 
Cc 600 20 85-97 10.6 8.8 9.84 cee 0.00140 


® Values of c in tests at fuel:air ratios greater than the chemically correct value not included in average, 


subscript ¢ denotes ambient conditions at the time of a test, then 
from Equation [3] 


and 


In converting power output to standard ambient conditions the 
rate of fuel consumption must be the same at the standard condi- 


tion as at the test condition; therefore 


and equating the values of F, and F, determined from Equations 
{10} and [11], we obtain 


or 


Subtracting 1 from both sides of Equation [14], we obtain upon 
simplification 


1 f 
[15] 
1 
af, 
Since 
f [16] 
Qrp 
then when F, = F, we obtain 
(17] 
USPs 


Substituting for’ in Equation [15] its value from Equation [17], 
t 


we obtain 
[18] 
af, 


Without introducing a significant error it can be assumed that 
v, = v, The basis for this assumption is discussed in a subse- 


quent section of this report. 


With this approximation Equation 
[18] becomes 


1—* 
119 
af, 


Equation [19] gives a relation for correcting indicated horse- 
power to standard ambient conditions. However, in practice 
the principal interest is in the correction of measurements of brake 
horsepower to standard ambient conditions. This may be done 
by substituting for 7, and i, the values obtained from Equation 
[4] which gives 


Equation [20] is not in a convenient form unless the value of ¢, is 
known but from Equation [20] we may obtain the relation 
b, —c 
— R+ —— ................ [21] 
The value of ¢ is not affected to a great degree by changes in 
ambient conditions. Therefore, as a close approximation we can 
assume c, = ¢, and we obtain 
b 
+ 


[22 
b, ) | 


Substituting in Equation [22] the value of R from Equation [19 
and rearranging we obtain 


When ¢é and a are known Equation [23] can be used to correct 
to standard ambient conditions measurements of power output 
made at any ambient condition. It is necessary to know the 
fuel: air ratio at the test condition and the value of ¢,. This 
latter factor can be computed from Equation [9] or it can be 
determined in a motoring test. A relatively large error in ¢; 
b, 

By retaining different parameters in the correction equation 
other forms may be obtained. The following form contains the 
parameters a and c 


has comparatively little effect on the value of the ratio 


8 
a 
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aF 1 
(Qh, UsPs Ve Pe 
With the simplifying assumption made previously, Equation [24 | 
becomes 


b, 1 1 
( 1 1). [25] 
Ps Pr h, Ps 


bh 
Another form containing the parameters ey and c is as follows 


b, Ps b, Ps b, 


With the simplifying assumptions made previously, Hquation 
[26] becomes 
b eof, — ¢ p p 
"2 (1 [27] 
bh, b, Ps Ps 


Resutts TO STANDARD AMBIENT 


CONDITIONS 


CorRRECTION OF TEST 


The test results have been corrected to standard ambient. condi- 
tions of 29.92 in. of mercury and 60 F* by using Equation [23]. 
This equation has been selected for illustrative purposes, although 
either Equation [25] or [27| could be used. Figs. 18, 19, 20, and 
2t show brake horsepower at standard ambient conditions 
(corrected brake horsepower) in relation to fuel consumption. 
It will be observed from these figures that a single curve repre- 
sents the relation between corrected brake horsepower and fuel 
consumption regardless of the ambient conditions of the tests. 
In general the average deviations from the average ourve are 
of the order of 0.5 hp or less. Part of this deviation is caused by 
normal experimental errors; part is caused by deviations of 


‘ This represents a commonly used engineering standard condition. 
The A.S.M.E. Test Code for Internal Combustion Engines, Septem- 
ber, 1943, refers gas volumes to a standard condition of 29.92 in. of 
mercury and 68 F. The maximum difference between horsepower 
corrected to either condition is less than 0.9 per cent. 
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actual results from the average relation between derived indicated 
efficiency and fuel : air ratio; and part is caused by the simplifying 
assumptions made in deriving Equation [23]. The largest devi- 
ations of corrected brake horsepower from the average curve 
occurred in two tests of engine B at the highest rate of fuel con- 
sumption and at an ambient pressure of 20 in. of mercury (see 
Fig. 20). In these two tests the fuel:air ratios (0.0706 and 0.0840 
lb per lb, respectively) were greater than the chemically correct 
value of 0.068. At these high fuel : air ratios combustion is in- 
complete and the derived indicated efficiency is not linear with 
fuel : air ratio (see Fig. 7). Therefore actual test results are not 
represented precisely by the average curve. 

From the foregoing it is apparent that Equation [23] yields 
reasonably precise results when used to convert brake horsepower 
at test ambient conditions to brake horsepower at standard 
ambient conditions. The same order of precision of corrected 
brake horsepower may be obtained by using either Equation [25} 
or Equation [27]. It appears therefore that the principles 
outlined here may be useful in developing rational methods for 
correcting brake-horsepower determinations to standard ambient 
conditions. However, before such methods can be developed for 
universal application it will be necessary to obtain information on 
many more engines and to study the performance of each engine 
more intensively than was possible in the Bureau of Mines in- 
vestigation. As mentioned previously, this investigation was 
concerned principally with the effect of ambient conditions on 
exhaust-gas composition, and performance data were obtained 
only incidentally. 

The principal reason for choosing Equation [23] for illustrative 
purposes is that it can be put into a form convenient for graphical 
representation, which enables us to obtain a general idea of the 
magnitude of correction factors for power output of Diesel engines 


over a wide range of conditions. The value of 1 + — can be ex- 
t 
pressed in terms of fuel : air ratio and known parameters by utiliz- 
ing Equations [5] and [16], which gives 
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Substituting in Equation [23] the value of 1 + : from Equation 
t 


[28], we obtain upon simplification 
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b, Ps 
be 


Equation [29] shows that 4 can be expressed in terms of Pt and ti 
t Ps 
when the values of ¢, a, ¢, @, and vy, are known. If we use the 
data for engine B and assume é = 3.98, a = 20.6; ¢, = 7.2; 
Q = 3930; and v, = 0.85 (range of values of v, for all test condi- 
tions at normal temperatures was 0.88 to 0.82) we obtain 


(30) 


Equation [30] is shown graphically in Fig. 22 for an assumed p, 
of 0.0765 lb per cu ft (corresponding to an absolute pressure of 
29.92 in. of mercury and a temperature of 60 F). From this 
figure we may obtain an excellent idea of the approximate mag- 
nitude of the correction factor for brake horsepower throughout a 
wide range of possible operating conditions. It is emphasized 
that Fig. 22 applies only to one engine and one engine speed, and 
until further information is developed each engine and engine 
speed should be considered as an individual case in preparing 
charts similar to Fig. 22. However, from the data available it 
appears that correction factors for any engine and engine speed 
will be within a few per cent of the factors shown in Fig. 22, except 


at low fuel: air ratios. ‘The reason for this is that the values of -” 
and a do not vary greatly with type of engine and engine speed. 
Furthermore the value of ; is not affected greatly by engine 
speed within the range studied because both c, and Q are a function 
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c 
of engine speed. The value of Q is affected by type of engine; how- 
ever, a study of Equation [29] shows that comparatively large 
b 
F have relatively little effect on i at the higher 
t 

fuel : air ratios. 

The most desirable form of the correction equation can be deter- 
mined only when additional data are available. If further tests 


variations in 


show that ~ is approximately constant for a number of engines 
a 
then it may be possible to use Equation [23] with an average 
« ee 
value of — for all engines except when extreme precision is re- 
a 


quired. The value of a may not vary widely from engine to 
engine, in which case Equation [25] might be more desirable. 

The conditions under which correction factors may have a 
significant effect on measurements of power output of Diesel 
engines will depend principally upon the precision of the measure- 
ment of pewer output, on the ratio of the ambient density during 
the test to the standard ambient density, and on the fuel:air 
ratio at which the engine is operated during the test. In this 
connection it is interesting to note that the A.S.M.E. Test Code 
for Internal-Combustion Engines, September, 1943, permits a 
maximum deviation from specified operating conditions of +3 per 
cent of the absolute barometric pressure specified and of +5 
per cent of the equivalent absolute temperature specified. Correc- 
tion factors for power output are not required within these limits. 
With these permissible deviations it would be possible for ambient 
density to deviate +8 per cent from the specified value. From 
Equation [30] it is evident that this deviation in ambient density 
would cause a deviation in specified brake horsepower of +3.5 per 
cent in the case of engine B operated at a fuel:air ratio of 0.05 lb 
per lb. It appears, therefore, that in some instances consider- 
ation might be given to the application of correction factors for 
power output even though the test ambient conditions are 
within the permissible limits specified by the A.S.M.E. Test Code. 
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K-rrect oF AMBIENT CONDITIONS ON VOLUMETRIC EFFICIENCY 

In deriving Equation [23], one of the simplifying assumptions 
was that volumetric efficiency was not affected significantly by 
changes in ambient conditions. It is oi interest therefore to 
present the evidence supporting this assumption. 

Figs. 23, 24, and 25 show the relation between volumetric 
efficiency and fuel:air ratio. It will be observed that volu- 
metric efficiency decreases slightly as fuel : air ratio increases. The 
relation is apparently independent of ambient pressure within the 
range studied, as the deviations of volumetric efficiencies at 
different ambient pressures are generally within the limits of 
experimental error (approximately 2 to 3 per cent). 

Fig. 24 shows a significant increase in volumetric efficiency 
as the temperature is increased. This apparent effect is a result of 
the method of heating the air and probably would not be observed 
if other more suitable arrangements were provided for heating the 
intake air. In the tests at elevated temperatures the intake air 
was heated electrically just before it entered the intake manifold. 
This method was used to avoid insulation of the intake surge 
tank. The addition of heat to the intake air results in an expan- 
sion in volume and therefore the work done during this expansion, 
which occurs at substantially constant pressure, must be 
considered. Under the test conditions a relatively large mass of 
intake air was on the upstream side of the air heater and a rela- 
tively small mass was on the downstream side. It would appear 
therefore that most of the work resulting from expansion during 
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heating would be done on the relatively low mass of air down- 
stream from the heater. It might be expected therefore that 
volumetric efficiency would be improved. It is believed that the 
foregoing explanation of the apparent effect of temperature is 
correct but additional experimental evidence will be required be- 
fore it can be stated definitely that ambient temperature has no 
significant effect on volumetric efficiency. 

In a Diesel engine operated at constant speed, changes in ambi- 
ent conditions result in changes in fuel: air ratio if the throttle 
setting (rate of fuel consumption) is maintained constant. Ac- 
cordingly, volumetric efficiency will be affected slightly by ambi- 
ent conditions. If it is assumed that the ratio of ambient density 
during the tests to standard ambient density is as low as 0.6 the 
volumetric efficiencies under the two conditions do not differ by 
more than 3 per cent in any of the engines tested. If this differ- 
ence were taken into consideration in Equation [23] the correc- 
tion factor would be approximately 1 per cent greater at the high 
rates of fuel consumption. 

If it is desired, volumetric efficiency can be related to fuel: air 
ratio by an equation of the following form 


in which vp and d are constant for a given engine and engine speed. 


v 

This equation could then be used to determine the ratio of —. 

% 

However, for the ordinary range of ambient conditions encoun- 
tered it is doubtful whether this refinement is necessary. 


PREDICTING ENGINE PERFORMANCE BY ALGEBRAIC RELATIONS 


The equations developed in preceding sections may be used to 
predict engine performance at any given ambient condition and 
rate of fuel consumption. From Equations [5] and [16] we 
obtain 


In applying Equation [32] an average value of v may be assumed 
without introducing a significant error. If desired, v can be 
eliminated from Equation [32] by the use of Equation [31] but 
the resulting relation is much more inconvenient to handle. 

For purposes of illustration, Equation [32] will be applied to 
the results of tests of engine B at 1000 rpm. The values of the 
parameters are as follows: ¢) = 3.98; a@ = 20.6; Q = 3930; 
v = 0.85 (range 0.82 to 0.88); c = 7.2; and Equation [32] be- 
comes 

F? 
b = 3.98 F — 0.00640 4 [33 


A comparison of observed values of brake horsepower and values 
calculated from Equation [33] is given in Table 6. This com- 
parison shows that the equation can be used to predict the brake 
horsepower of engine B in its normal operating range with a 
maximum error of 0.7 hp. The error is greater when the engine 
is operated on the rich side (see Table 6, test 91) because under 
these conditions a linear relation between indicated efficiency and 
fuel : air ratio no longer holds. 

If desired, Equation [33] can be represented graphically to 
show the relation between b, F, and p. 


SUMMARY AND CONCLUSIONS 


This report presents the results of performance tests on three 
different commercial Diesel engines at different ambient condi- 
tions. Operation at different ambient conditions was simulated 
by controlling conditions in surge tanks connected to the intake 
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TABLE 6 COMPARISON OF BRAKE HORSEPOWER OF ENGINE 
B, CALCULATED FROM EQUATION woe WITH OBSERVED 


BRAKE HORSEPO 

Nominal ambient pressure, in. Hg, 

— — 25 
Test Cale Obs Test Cale. Obs. Test Cale. Obs 
no. bhp bhp no. bhp bhp no. bhp bhp 
47 0.4 0.3 97 0.2 0.2 87 0.4 0.4 
57 5.3 5.1 76 5.0 5.1 88 4.4 5.0 
8 10.2 10.1 77 9.9 10.1 89 9.6 10.2 
59 14.9 15.0 78 14.7 15.0 90 14.4 15.1 
4 19.5 20.0 79 19.4 20.1 119 19.2 18.8 
63 26.9 27 . 5 80 25.5 25.2 91 21.5 19.6 


and exhaust of the engines. The tests were limited in scope be- 
cause the principal interest in the investigation was the effect of 
ambient conditions on composition of the exhaust gases produced 
by the engine. 

The performance data were analyzed, and a method was de- 
veloped for deriving a relation between so-called derived indicated 
efficiency and fuel:air ratio that is independent of ambient condi- 
tions. The existence of such a relation would be predicted from 
theoretical thermodynamic considerations. The report presents 
a method for deriving the relation between indicated efficiency 
and fuel:air ratio from determination of brake horsepower, fuel 
consumption and fuel:air ratio at different loads throughout the 
operating range at a given engine speed. 

The relation between derived indicated efficiency and fuel:air 
ratio is used as the basis for developing rational procedures for 
correcting to standard ambient conditions brake-horsepower 
determinations made at ambient conditions prevailing during 
the tests. The methods developed were applied to the results of 
tests at different ambient conditions and it was shown that the 
corrected brake horsepower at a given rate of fuel consumption 
was independent of the ambient conditions during the tests. 
Thus the methods developed appear to be suitable for determina- 
tion of correction factors at least for the three engines on which 
data were obtained. 

The relation between derived indicated efficiency and fuel:air 
ratio may also be used as the basis for algebraic expressions which 
permit determination of the brake horsepower of an engine at any 
rate of fuel consumption and at any ambient density when all the 
parameters in the equation are known. Brake horsepowers com- 
puted from the derived equation are in very good agreement with 
brake horsepowers determined in tests at a wide range of ambient 
conditions. 

The data and analysis presented in this report have shown that 
rational procedures can be developed for correcting brake-horse- 
power determinations to standard ambient conditions. How- 
ever, only three engines were tested and these engines were not 
studied as intensively as would be required in the development of 
generally applicable procedures for determining corrected brake 
horsepower. Further work may show that the parameters in the 
correction equation are not significantly different for differ- 
ent engines, in which ease a single equation may be used for all 
engines. If this is not true, the correction equation will differ for 
different engines. There are indications also that these para- 
meters may be affected by engine speed. 

In an extensive study of methods for determining corrected 
brake horsepower it would be highly desirable to determine in«i- 
cated horsepower directly and from this to determine whether 
ambient conditions have a significant effect on the relation be- 
tween indicated efficiency and fuel:air ratio. If this were done 
it would not be necessary to derive an empirical relation from 
data on brake horsepower, fuel consumption, and fuel: air ratio 
as outlined in this paper. 

Direct determination of indicated horsepower would also pcr- 
mit determination of the effect of ambient conditions on friction 
horsepower and of the effect of engine load on friction horsepower. 
If this fundamental information were available, more precise 
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methods could be developed for determining corrected brake 
horsepower. 

Surge tanks connected to the intake and exhaust were used in 
the present investigation because of their simplicity and availa- 
bility. However, in an extended investigation it probably 
would be advisable to test engines in a chamber in which the de- 
sired ambient conditions are maintained. 
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Water Injection in a Spark-Ignition Engine 


By W. P. GREEN C. A. SHREEVE, JR.! 


The present war witnessed a revival of interest in the use 
of water as a coolant and detonation suppressor inside the 
engine cylinder. Aircraft engines when operated with 
water injection have been boosted in output above normal 
sea-level capacity and have functioned satisfactorily. 
This paper gives a review of past tests on the use of water 
as a coolant and detonation suppressor in gasoline en- 
gines. It presents new data regarding the use of water in 
very high compression ratio engines to promote increased 
part-load efficiencies with low octane fuels. 


HE introduction of water into the mixture, entering the 

cylinder of a spark-ignition engine, was tried as early as 

1866, and was common on carbureted engines burning 
kerosene a few decades ago. Its action was not fully understood 
but its purpose was to prevent detonation and to promote smooth 
combustion. In 1935 Ford L. Prescott reported tests on super- 
charged aircraft engines in which as much as 2.83 lb of water were 
added per lb of fuel. No loss in thermal efficiency and an in- 
crease in power output were noted. M.S. Kuhring has reported 
tests in which water was injected into the mixture at the super- 
charger, with results similar to those obtained by Prescott. 
Kuhring noted cooling effects on the spark plugs, evlinder heads, 
and valves when the water was injected. 

Colwell, Cummings, and Anderson have presented results of 
recent work on the injection of water, and water-aleohol into the 
mixture of truck engines. 
wear or other harmful effects on engine life as a result of using 
waterin the combustion chamber. 

Steinitz has pointed out that the use of water with its attend- 
ant equipment complicates the engine and increases weight. 


Data are given to show no increase in 


Also there is the possibility of the water freezing unless mixed with 
an antifreeze solution, 

Past research has established the following facts in regard to 
use of water injection as a detonation suppressor: 


1 There is no loss of thermal efficiency with low rates of water 
injection. 

2 Cooling of the engine is not so important a problem at high 
outputs. 

3 Supercharged engines will give higher outputs due to cool- 
ing of the mixture by the injected water. The higher manifold 
pressures increase maximum cylinder pressures and engine out- 
put. Detonation is suppressed by the water. 

4 Space and weight requirements for carrying the water 
may be excessive unless condensing equipment is used to secure 
water from the exhaust gases. 

5 There is danger of the water freezing unless mixed with an 
antifreeze solution. 


Purpose OF PRESENT TESTS 


In the light of previously published information the authors 
felt that tests conducted over a wide range of compression ratios 
and rates of water injection would accomplish the following: 


‘ Associate Professor of Mechanical Engineering, University of 
Maryland, College Park, Md. Mem. A.S.M.E. 

Contributed by the Oil and Gas Power Division and presented at 
the Fall Meeting, Cincinnati, Ohio, October 2-3, 1945, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
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1 Add valuable data as to quantity of water needed to prevent 
detonation at a number of load conditions and compression ratios. 

2 Determine whether worthwhile gains could be made. by 
operating an overcompressed engine without water at low loads, 
with detonation suppressed in the high lead range by water in- 
jection. 

3 Indicate effect of injected water on such items as exhaust 
temperature and heat loss to cooling water. 


Test Equipment. A single-cylinder water-cooled N.A.C.A. 
Universal test engine, located in the mechanical-engineering 
laboratories of the University of Maryland, was used for all 
tests, Fig. 1. This engine has a 5-in. bore and 7-in. stroke. Its 
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compression ratio may be continuously varied from 4 to 1 to as 
high as 14 to 1. The engine is equipped with a valve-in-head 
combustion chamber, with two intake and two exhaust valves. A 
magneto ignition system was used with a single spark plug located 
at the top of the combustion chamber. Engine output and fric- 
tion horsepower were measured with a Sprague-type electric 
dynamometer. 

Water was fed from a !/.-gal beaker, mounted on a weighing 
scale, to a small jet located in the carburetor venturi. Flow of 
water was controlled manually. 

A standard fuel-weighing set-up was used to measure fuel- 
consumption rates. Mixture temperatures were measured with 
a thermometer inserted in the intake manifold 10 in. from the 
intake-valve port. Mixtures were checked during each test with 
an Orsat apparatus. Samples of exhaust gas analyzed were 
taken from an expansion tank located 4 ft from the engine- 
exhaust-valve port. Exhaust-gas temperatures were measured 
by an unshielded thermocouple located in the engine exhaust and 
read by a potentiometer. Exhaust temperatures were corrected 
for radiation and recovery losses as suggested by King (1)? and 
Hottel (2). 

Cooling water from laboratory mains entered a recirculating 
system actuated by a pump on the engine. Its temperature was 
measured at the inlet to the recirculating system. After passing 
through the engine cylinder and head to a thermometer well at 
the outlet, the water was caught in a tank and weighed. An 
RCA piezoelectric indicator was used to take cards and to check 
detonation visually. 


2 Numbers'in parentheses refer to the Bibliography at the end of 
the paper. 
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Test Procedure. It was decided to operate the engine on one 
type of fuel at four different throttle openings, thus varying the 
output between 30 per cent load and full load. At each throttle 
position tests were run at a number of compression ratios. The 
first run at each throttle opening was made at a low enough com- 
pression ratio so that no detonation occurred under normal op- 
erating conditions. No water was injected on this run. Suc- 
ceeding runs were made at higher compression ratios with just 
enough water being injected to suppress detonation. Detonation 
was detected by ear and by the oscillograph on some tests. 

Table 1 shows items which were maintained constant on all 
runs. 


TABLE 1 ITEMS WHICH WERE CONSTANT DURING TEST RUNS 


Cooling-water temperature in cyl- 

inder head and cylinder wall, deg F..................0005- 180 +5 


The engine was operated for approximately 2'/; hrs, until 
readings indicated that all operating conditions were constant. 
Several test runs of 15 minutes were conducted at each com- 
pression ratio. Whenever the compression ratio was changed at 
least 30 minutes were allowed for conditions to stabilize before 
new test readings were taken. 

Primary test data taken in addition to readings of standard 
conditions were as follows: 


Dynamometer load 

Cooling-water temperature at inlet 
Cooling-water temperature at outlet 
Pounds of cooling water 

Exhaust temperature 

Orsat analysis 


Compression ratio 
Duration of run 

Pounds of fuel consumed 
Pounds of injection water 
Average rpm 


Results. Results computed from the data are plotted in 
Figs. 2, 3, 4,5, and6. Each figure shows the engine performance 
at one throttle opening for various compression ratios and throttle 
openings. 

It is apparent from a study of these figures that as the load is 
increased, water injection must start at lower compression ratios 
in order to prevent detonation. If, however, effective compres- 
sion ratios are considered, it is necessary to start water injection 
at compression ratios between 4.2 and 5.1 to 1 for all tests on 
this engine. 

Indicated horsepower, brake horsepower, and thermal efficiency 
show marked gains with increase in compression ratio, especially 
in the case of throttle opening No. i. At compression ratios 
larger than 11:1 there is no appreciable gain in efficiency and 
power due to the action of the injected water. 

Exhaust temperatures and heat to cooling water decrease 
rapidly with increased compression ratios and water rates. 

Fig. 6 shows a typical mechanical-efficiency curve for this 
engine. It was found that the variations in throttle opening and 
compression ratio had little effect on this curve. All points fell 
within + 2 per cent of the curve. 


QUANTITIES AND ErFrects OF INJECTION WATER 


Fig. 7 shows a family of curves indicating the pounds of water 
required per pound of fuel to prevent detonation for various horse- 
power and compression ratios on this engine. It will be noted 
that higher outputs and compression ratios required higher rates 
of water injection. In connection with these curves, it should be 
noted that in the high-load and compression-ratio ranges the 
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engine did not detonate although it ran roughly and occasionally 
misfired. It is possible that misfiring could have been prevented 
by use of other types of spark plugs, although this was not investi- 


gated. 
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Fig. 8 shows a set of typical pressure-time-indicator cards for 
this engine at full throttle and with various compression ratios, 
using a slightly different gasoline from that of the preceding tests. 
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At the 4.8:1 compression ratio it was not necessary to add 
water to prevent detonation. At 5.2:1 compression ratio slight 
detonation was evidenced by the sharp peak at the top of the 
card. This was remedied on the next card by the addition of just 
enough water to prevent detonation. It will be noted that the 
first effect of the water was to lower the maximum pressure. 

As the compression ratio was increased it was necessary to in-. 
crease the water-injection rates to prevent detonation. It will 
be noted that the effect of high rates of water injection was to de- 
crease the slope of the expansion line to a marked degree. 

The 9:1 compression-ratio card has an excess of water and defi- 
nitely shows the effect of the water vapor on the expansion line. 

Fig. 9 shows the effect of the addition of water on the cooling 
loss (Btu/bhphr). This curve indicates that the heat loss to 
cooling water is largely dependent on the water-injection rate. It 
also shows that for higher rates of water injection the cooling 
problem is reduced to a point where it is possible that no external 
cooling other than that done by radiation and the lubricating oil 
will be required. 

Fig. 10 shows the effect of brake horsepower and compression 
ratio on brake specific fuel consumption. Water was added 
where necessary to prevent detonation in the amounts indicated 
in Fig. 7. At the lower brake horsepowers there is a marked 
difference between the specific fuel consumption at the various 
compression ratios, while at the higher outputs the water required 
to suppress detonation lessens the gains due to higher compression 
ratios. 

Fig. 11 shows a comparison between the fuel required for the 
various compression ratios in per cent of fuel required for 6:1 
compression ratio. At the lower loads the 11:1 compression ratio 
will save about 50 per cent of the fuel required at the 6:1 com- 
pression ratio. As the load increases the fuel economy due to the 
higher compression ratio decreases until at full load the amount 
of injected water may actually make the higher ratio slightly less 
economical. 
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CONCLUSIONS 


The injection of water into the engine cylinder decreases the 
maximum pressure and tends to decrease the slope of the ex- 
pansion line with little or no change in thermal efficiency. 
Savings shown by the curves in Fig. 11 indicate the desirability 
of the use of water injection in engines that will operate the 
greater portion of the time in the low-load range, with only occa- 
sional use at full power. 

Exhaust temperatures are reduced by water injection although 
a portion (or all) of the normal heat transferred to the cooling 
water now appears in the exhaust. 
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5.2:1 Compression ratio 


6.0:1 Compression ratio 8.0:1 Compression ratio 
2.19 lb of water per lb of fuel 
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No water injectec No water injected 5.2:1 Compression ratio 
Incipient detonation 0.22 lb of water per lb of fuel 


9.0:1 Compression ratio 
3.34 lb of water per lb of fuel 
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Relation Between the Impact and Flexural 


Tests for Molded Plastics 


By L. E. WELCH!? ann H. M. QUACKENBOS, JR.! 


A theoretical treatment of the phenomena of impact is 
presented which indicates that rupture under dynamic 
stress-strain conditions results from the same basic con- 
siderations as those governing static or flexural failure. 
This thesis is proved experimentally by reducing the prob- 
lem to one of stress rather than the usual method of en- 
ergy evaluation. When this is done with the aid of newly 
developed high-speed electronic techniques, it is conclu- 
sively demonstrated that impact loading is merely a 
special case of static loading whereby the stress-strain 
conditions are identical except for a slight elevation in 
strength under dynamic conditions. It is shown that the 
existing methods of impact-strength evaluation such as 
the standard Izod and Charpy tests lead to erroneous re- 
sults since the machines in use are apparently of too light 
a construction, and the technique is oversimplified. It is 
suggested that the static flexural-test technique when 
properly carried out to evaluate the energy required for 
fracture and the notch sensitivity, is sufficient to predict 
the service characteristics of essentially brittle materials 
under conditions of both static and impact loading. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A, B = constants in Equation [16] 
b = width of specimen 
E = modulus of elasticity of specimen 
= gravitational acceleration 
= depth of specimen (taken outside notched area 
where bar was notched) 
I = moment of cross section of specimen 
= spring constant of system, machine and speci- 
men, respectively 
l = distance from plane of loading to center of gage 
for cantilever 
L = span of specimen, or length in Equation [4] 
M = mass of impacting element 
P = force exerted in either static or dynamic loading 
time after impact 
t; = total time duration of nonfracture impact 
mass per unit length of specimen 
U = strain energy in specimen under flexural or 
impact loading 
U, = kinetic energy of falling (impacting) element 
U's, Uy = energy stored in specimen spring and machine 
spring, respectively 


w = frequency of natural vibration of specimen 


1 Research and Development Laboratories, Bakelite Corporation, 
Bloomfield, N. J. 


* East Orange, N. J. 

Contributed by the Rubber and Plastics Division and presented 
at a meeting of the Metropolitan Section, New York, N. Y., February 
‘, 1946, of Tae American Society or MECHANICAL ENGINEERS. 
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vo = velocity of impacting element at moment of 
impact 
€ = Maximum strain in specimen 
o = maximum stress in specimen 
y = deflection of specimen in bending test 
Ym, Ys = deflection of machine spring and specimen 


spring, respectively, at any time during impact 


Yu’, Y's = Maximum values of yy and ys during impact 


INTRODUCTION 


Three tests have been generally accepted for evaluating the 
mechanical properties of rigid plastics. These are the tests for 
tensile, flexural, and impact properties. Of these the Izod and 
Charpy impact tests on a notched bar are the most valuable 
because they differentiate between materials that show similar 
tensile and flexural results. For example, with the phenolic- 
resin molding materials with which this paper is largely con- 
cerned, the flexural strength usually falls in the range 7000 to 
15,000 psi, while the tensile strength displays a smaller variation. 
The type of filler (wood flour, fabric, mineral, etc.) is more re- 
sponsible than the type of resin for these changes. The Izod 
impact strength, however, may vary from 0.15 ft-lb per notched 
specimen for the wood flour filled to 2.5 ft-lb and higher for the 
fabric filled. Moreover, the impact evaluation is usually a fair 
forecast of the toughness of a molded object, especially where 
internal corners exist. But there are many instances where the 
agreement between impact tests and practical experience breaks 
down completely, and so an examination of the Charpy and Izod 
tests for rigid plastics was undertaken. 

A brief description of the flexural and impact tests can well 
precede a review of the literature. In the standard flexural test 
a molded specimen, 5 X 1/2 X 1/2 in., is loaded on a 4-in. 
span. The load-deflection curve is often linear to failure and 
if ductility is exhibited, it is small. The usual modulus of elas- 
ticity (hereinafter referred to as simply modulus) for phenolic 
molding materials ranges from 1-4 X 10* psi. The Charpy and 
Izod machines are similar to those used for testing metals, ex- 
cept that they are of much lighter construction to accommodate 
the relatively brittle plastic materials. The standard Izod 
machine weighs approximately 120 lb. In each test the stand- 
ard specimen is '/; X '/2 in. with a milled notch 0.100 in. deep, 
and with a radius of 0.010 in. at the bottom. The Izod specimen 
is a cantilever 1'/, in. long struck 0.866 in. above the point of 
clamping. The Charpy specimen is supported on a 4-in. span 
and is struck on the side opposite the centrally disposed notch. 

The impact strength, that is, the energy loss of the pendulum, 
is usually considered to be composed of three main parts: 

1 Actual strain energy to break the specimen. 

2 Machine losses; vibration and damping in the base of the 
machine. 

3 Energy lost by the pendulum in projecting the broken end 
(Izod) or ends (Charpy) of the specimen. 

Item 3 has been the subject of several recent papers (1, 2, 3, 
4, 5).§ The “end effect’’ was eliminated either by lowering the 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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pendulum in the orthodox tests until it possessed just enough 
energy to fracture the specimen, or by using a drop-weight ma- 
chine in which the specimen is struck blows of increasing severity 
until fracture is caused. The energy associated with the end 
effect varies considerably with the filler. It is a small or neg- 
ligible proportion of the measured impact strength with the 
tougher materials having a filler of fiber. With the more brittle 
wood-flour type the proportion may be 60 per cent and as high 
as 85 per cent with a high-density lead-filled composition. Con- 
sequently, quite a different comparison between the common 
molding materials is given when the end effect is eliminated. 

With the energy of projection disposed of, the residual impact 
energy is then the sum of items 1 and 2, that is, the strain energy 
plus the machine losses. Most opinions place the machine 
losses as nearly zero (2, 3, 6). This leaves the residual impact 
energy as strain energy, and one could reasonably expect it to 
agree with the energy in a flexural test. Recent tension impact 
tests of metals (7, 8) have demonstrated that the same stress- 
strain behavior often occurs in both dynamic and static loading. 
Early work (9) on wood in long-span flexure shows the same 
agreement. A paper by Hazen (10) points out that the static 
flexural energy is a better criterion of service toughness than the 
standard Izod impact value. Yet the residual impact energy is 
about 25 per cent higher than the corresponding flexural energy 
in the Charpy test and is 3 or 4 times as high in the Izod test. 
The Izod flexural energy for the cantilever of 0.866 in. was calcu- 
lated in the orthodox way, from the ratio of the spans, as 0.866/4 
in. times the energy at a flexural span of 4 in., with a 32 per 
cent increase to allow for shear. 

These discrepancies between the static and dynamic energies 
suggest the following possibilities: (a) The stress-strain rela- 
tions under impact loading are different from those under static 
loading; (b) machine losses are appreciable. 

To resolve these questions the stress-strain diagram in impact 
has been determined in the Izod and Charpy machines and 
compared with that for static loading at the same spans. The 
strain energy in impact absorbed by the specimen can be caleu- 
lated from the relation between stress and strain. The differ- 
ence between this energy and that applied by the pendulum, 
with the end effect eliminated, is taken as machine losses. 
As machine losses were appreciable, their variation with span 
was established in a drop-weight type of impact machine. 

As to the stress-strain diagram in impact, the strain was mea- 
sured with a resistance-wire strain gage cemented to the speci- 
men. The voltage change across the gage on straining was 
amplified and passed to an oscillograph where the displacement 
of the oscillograph spot then became a measure of the strain. 
The measurement of dynamic strain in this fashion is an estab- 
lished technique in a number of laboratories (8, 11, 12). The 
determination of dynamic stress requires a delicate method (8) 
that could be avoided here because most of the materials used 
possess a linear stress-strain relation to failure. The dynamic 
modulus was calculated from the frequency of natural vibration 
and assumed equal to the modulus present under impact loading. 
The dynamic stress was derived as the product of this modulus 
and the measured strain. 


EXPERIMENTAL PROCEDURE 


Experiments covered the range of common, phenolic molding 
materials having a variety of fillers and included work on cast 
iron and steel. All bars had a rectangular cross section. The 
molding materials were either molded as individual specimens or 
cut from molded plates 8 in. X 10 in. The laminated specimens 
were cut from plates. The cut surfaces were smoothed by grind- 
ing. The cast iron was cast as a single plate, 12 X 12 X 3/sin., 
and bars were cut therefrom 6 X 3/s X 3/3 in. and finished by 
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grinding. The single steel specimen used was 6 in. 
from cold-rolled stock. Some of the plastic specimens having a 
section '/, X '/: in. contained standard notches, 0.100 in. deep, 
0.010 in. radius, milled in the center of one face. Table 1 sum- 
marizes the materials. 


TABLE 1 LIST OF MATERIALS USED 
Material Description 
Phenolic resin + wood flour 
BM-120 .. Phenolic resin + wood flour 
BM-262 . Phenolic resin + mica 
BM-1914..... Phenolic resin + kraft paper 
BM-3510 ose ws Phenolic resin + fabric 


3 .......+.Phenolic resin + wood flour + cotton floc 
ee Pure phenolic resin — no filler 


BM-13080.............Phenolie resin + wood flour + cotton floe 
Phenolic resin + fabric 
Stee 


Cast iron 


The plastic specimens were conditioned 2 days at 50 C and 
were kept until tested in the laboratory maintained at 25 C, 50 
per cent relative humidity. 

The following tests were performed: To remove directional 
effects the same face (e.g., a top molded or cast face) was always 
in tension. 

1 Flexural test on a span of 4 in., according to A.S.T.M. 
D790-44T: Load-deflection curves were recorded with a 
Templin stress-strain recorder which magnified the deflection 
40 times. Spans other than 4 in. were used occasionally. The 
measured deflection includes deformation of the machine parts 
and indentation into the specimen of the edges for loading and 
supporting. A load-deflection curve was run at zero span (sup- 
porting edges together) to give a correction to the measured de- 
flection. For the common thermosetting materials in the form 
of a bar of '/, & 4/2 in. cross section this correction is about 
5 per cent at a span of 4 in. 

With deflection corrected, modulus for an unnotched bar was 
calculated from the slope of the load-deflection curve according 
to 

3h? 
and flexural energy from the area under the load-deflection curve. 

Modulus was also measured by loading an unnotched bar hav- 
ing a strain gage cemented to the tension face of the specimen. 
The gage (Baldwin Southwark type SR-4, A-5, length !/. in.) 
was connected to an SR-4 strain meter in the usual way. The 
center of the gage was vertically below the loading column. 
The observed strain for a given load must be multiplied by 
L/(L —'/4) to give the maximum strain in the plane of loading. 
Load was converted to stress by 


and modulus calculated from the slope of the curve of stress 
versus Maximum strain. 

2 Static cantilever test: Modulus was determined with re- 
sistance-wire strain gages for a span of 0.866 in. If the center of 
the gage was distance | from the plane of loading, the stress by 
which the observed strain was divided to give the modulus was 
calculated from 


A notch, when present, was located on the tension side with its 
“vee” in the plane formed by the faces of the gripping members 
and a “modulus” was calculated as if the notch were absent. 

3 Dynamic modulus: The frequency of natural vibration 
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was determined mainly for bars having a cross section '/. X 
1/,in. An SR-4 A-5 gage was cemented to the central area of 
the specimen. The gage was connected into the dynamic-strain 
circuit described in the Appendix. With the oscillograph spot 
spread into a line, the vibrations of the bar when held lightly 
at one end and struck at the other cause a wave to appear on the 
screen of the oscillograph, Fig. 1. This wave is photographed 
and compared with a wave of 1000 cycles per sec induced by an 
oscillator. From the natural frequency w, modulus F is (13) 


22.4 [EI 
w= .. [4] 


4 Measurement of applied impact energy: The Izod and 
Charpy machines were fitted with movable spring releases to 
allow the pendulum to be dropped from any desired height. 
The heights used were such that the impact velocity varied be- 
tween 2 and 11.4 fps. The specimen was either given a light 
blow, insufficient to break, or a blow such that the swing-through 
after fracture was small. The energy applied to the specimen 
in either case is calculated as in the Appendix. The Izod ma- 
chine is a standard type manufactured according to the specifica- 
tions of the Bell Telephone Laboratories. The Charpy instru- 
ment was of lighter weight and was made in the bakelite machine 
shop. 

In the drop-weight tester, Fig. 2, a grooved weight released 
magnetically slides down vertical stainless-steel wires. The base 
is a steel plate set in a concrete block, 18 xX 12 X 4 in. 
The energy is the product of the height and the weight with an 
allowance for friction established in a calibration with an elec- 
trical timer, The energy of fracture was determined by an incre- 
ment method. The height was raised 10 per cent each time 
from an initial height adjusted so that 2 to 4 blows were needed 
for fracture. 

5 Measurement of impact strain and time: The distribu- 
tion of strain was established with A-8 gages which were good 


FREQUENCY OF NATURAL VIBRATION FOR BM-13080, '/2 & '/4 In. 


AND 1000 CycLes PER Sec CALIBRATION 


Fic. 2. THe Drop-Weicut Impact Macuine, SHowrinG WEIGHT 


Down WIRES 


indicators of essentially point conditions by virtue of their ex- 
tremely small gage length of '/,; in. The A-8 gage was also used 
to detect any compression of the bar against the pendulum and 
against the supports. Fig. 3 illustrates the disposition of the 
gages for these experiments. 

Once the strain was found to be distributed linearly, subse- 
quent experiments were carried out with A-5 gages which are 
‘/, in. long. The maximum strain was calculated from the ob- 
served strain at a certain position assuming linear distribution. 

With most experiments in which the bar was struck lightly the 
oscillograph beam of electrons was narrowed to a spot and its 
displacement was observed by eye as a mean of several blows. 
Photographs confirmed the precision of this visual method. 
When photographs were taken the circuit was modified so that the 
spot was traveling across the face of the oscillograph at a con- 
stant rate. The impact then appears as a loop with strain in 
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Fie. 3 DisposiTion OF STRAIN GAGES ON CHARPY AND Izop Speci- 
MENS 


vertical units and time in horizontal units. The calibration of 
the vertical and horizontal units is described in the Appendix. 
Where the bar was broken photographs were taken with a Con- 
tax. 

In any one set of tests all bars of one material were from the 
same batch but different batches were frequently used for differ- 
ent tests. This explains slight variations in modulus from test to 
test. 


Discussion OF RESULTS 


In analyzing the response of a bar to impact loading it is 
natural to compare with conditions under static loading. The 
criteria of comparison are modulus and distribution of strain. 

Dynamic Modulus. The dynamic modulus is in most in- 
stances the same as the flexural modulus, Table 2. Later when 


TABLE 2 DYNAMIC AND STATIC MODULI; 4 IN. SPAN 


Flexural modulus Dynamic modulus 
Material psi X 1076 psi X Il0-6 
BM-120 1.25 1.20 
4.66 4.55 
BM-1914 1.53 1.69 
BM-3510 1.47 1.80 
1.13 1.14 
1.15 1.15 
oe 10.5 (10.5) 


Specimen, !/2 X 1/2in. All others X !/sin.— 
Note: Dynamic modulus assumed equal to static modulus for steel and 
cast iron. 


calculations were made of impact strain energy in the specimen, 
the modulus used was the flexural modulus, except for BM-3510, 
BM-16468, and BM-1914, where the flexural moduli were in- 
creased 20 per cent, 10 per cent, and 10 per cent, respectively. 
Two simplifications are implied when calculations on this basis 
are made for specimens of various dimensions in the Charpy and 
Izod tests and for notched bars in the latter. These are as 
follows: 


JULY, 1946 


(a) While nearly all the results of Table 2 are for bars having 
asection '/; X '/,in., they are assumed to hold for all dimensions. 

(b) The static modulus for notched and unnotched cantilever 
beams (0.866-in. span) is the same as the flexural modulus (4-in. 
span). Actually the former (notched) tends to be a few per 
cent lower, and the latter (unnotched) the same degree higher, 
as established by strain gages. 

Deformation Under Static and Dynamic Loading. Fig. 4 
illustrates the variation with distance of the dynamic surface 
strain for a beam tested in the Charpy machine. In general 
this strain increases from zero at the supports to a maximum 
at the center, the point of striking, just as it would under similar 
flexural loading. This was true for several values of the span 
length and several specimens of different dimensions struck blows 
insufficient to cause fracture. 

There were anomalous effects but these were small enough to 
be ignored: (a) The hammer knife-edge indents into the speci- 
men causing a low compression strain at the point of impact, 
Fig. 4; (b) at the supports and at the striker a local compression 
wave travels between the surface being hit and the opposite 
face; (c) at the supports the bending strain is not quite zero. 


0.5 
Q COMPRESSION ° 
© TENSION 

0.4+ 
< 
a 0.3+ 
” 
a 


INCHES FROM SUPPORT 


Fic. 4 Impact Strain Versus Distance From Support CHARPY 
MAcHINE 
(BM-021, Span = 2in., b = 0.5in.,h = 0.5 in.) 


Similar anomalies were observed in the unnotched Izod speci- 
men, but otherwise the surface Strain increased in linear fashion 
from the plane of striking to the plane of clamping. 

Taken in conjunction with the agreement between the static 
and the dynamic modulus these findings permit the conclusion 
that strain, stress, and load build up from zero in the same way in 
both tests. 

Energy Absorbed by the Impact Specimen. In these circum- 
stances the impact strain energy can be computed from the 
measured impact strain by exactly the same equations that hold 
for static loading. The strain energy absorbed by a rectangular 
beam in reaching a maximum strain in flexure ¢, at the surface, 
in the plane of loading is given by 


U = (14.3% 


This is a standard textbook formula (14). The factor in paren- 
theses allows for shear energy and is predicated on a value of 
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TABLE 3 


ENERGY ABSORPTION IN CHARPY MACHINE FOR UNNOTCHED BARS STRUCK 


WITH BLOW INSUFFICIENT TO FRACTURE 


b h Span 
Material in. in. in. 
BM-021...... 0.50 0.50 2'/16 
BM-262..........0.50 0.50 21/16 
BM-3510.... 0.50 0.50 2'/i6 
4'/s 
Cant 0.375 0.375 21/6 
BM=120 
BM-1914 
BM-3510 |. 
BM-6260 }.......0.50 0.25 
BM-13080|....... 
BM-16468}....... 


Nore: 
fps. All bars unnotched. 


0.3 for Poisson’s ratio, which is true for most plastics (15). The 
formula for a cantilever is similar (14) 


6 


where ¢ is now the strain at the grip. 

A sample calculation for the Izod machine will illustrate the 
method. Material BM-021, b = 0.50 in., h = 0.50 in., no notch. 
Observed strain for gage with center 19/64 in. from grip = 3000 
microinches per in. Maximum strain at grip = 3000 x 0.866/ 
(0.866 — 19/64) = 4560 microinches per in.; FE = 1.25 & 10® psi. 
Hence energy absorbed by specimen U, from Equation [6] 
with L = 0.866 in. is 0.034 ft-lb. Energy applied by hammer 
= 0.131 ft-lb. Per cent measured absorption by specimen = 
0.034/0.131 X 100 = 26 percent. Measured absorptions for the 
Charpy machine are arrived at in the same way by means of 
Equation [5]. 

Measured absorptions calculated by these methods are listed 
in Tables 3 and 4 for the two impact machines. The signifi- 
cance of calculated absorption will be discussed later. 

When the specimen does not break there are, of course, no 
end effects, and these have been eliminated from the applied 
energy when it does break. It is seen that generally not all the 
applied energy is absorbed by the specimen, the remainder pre- 
sumably being lost to the machine. According to the figures 
presented, the per cent absorption varies from material to mate- 
rial in both machines and is especially erratic for specimens 
broken in the Izod test. Further, in the Izod test there is a 
considerable variation in energy absorbed from one specimen to 
another, sometimes as high as +18 per cent. This in spite of 
the fact that the percentage absorption for one specimen struck 
lightly varies only +6 per cent. Changes in clamping pressure 
seemed responsible to only a small extent. 

In view of these findings, the energy lost by the pendulum, 
corrected for the end effect, has no absolute or comparative 
significance in either of the impact tests. The energy absorbed 
gives the correct answer, but even this is unsatisfactory in the 
Izod test because of its variability. A new test to replace 
the Izod test is suggested later in this paper. 

There are certaih disagreements in Table 4, as yet unexplained, 
between the energy absorption at fracture and that under a 
light blow. This is so when the filler is fabric, kraft, or floc. 

Theory of Energy Absorption. It has been established that the 
energy absorbed by a specimen is only a part of that applied 
by the impact hammer. A reasonable assumption is that 
the remainder is lost by absorption in the impact machine. The 
system comprising the machine and specimen may then be com- 
pared to two elastic springs and the energy absorption should 
follow a certain pattern. An ideal system is illustrated in Fig. 5 


Measured Calculated 
Dynamic modulus, absorption, absorption,* 
E, psi X 10-6 per cent per cent 
1.25 36 36 
4.55 16 13 
81 52 
1.90 34 27 
72 7 
10.5 43 16 
91 58 
See Table 2 102 96-97 
(mean) 


* Calculated absorption based on BM-021 as explained in text. 
Energy applied varied from 0.1 to 0.22 ft-lb; corresponding velocities of impact being 2 and 3 


TABLE 4 ENERGY ABSORPTION IN IZOD MACHINE 
Measured Calculated 
energy energy 
Modulus, absorption, absorption,® 
Material b h psi X 10-* per cent per cent 
INSUFFICIENT TO BREAK 

Unnotched 
BM-021.........0.50 0.50 1.25 26 262 
BM-13080....... 0.50 0.50 1.07 23 29 
BM-3510........0.50 0.50 1.90 26 19 
0.50 0.50 4.7 21 9 
| Ee 0.50 0.50 29.5 12 1.5 
0.375 0.375 10.5 36 ll 
BM-3510 | 
BM-13080})...... 0.49 0.25 Table 2 33-36 62-72 
BM-6260 }...... 

Notched 
BM-1914........0.5 0.5 1.69 21 21 
BM-3510....... 0.5 0.5 1.90 25 19 
BM-13080.......0.5 0.5 1.15 25 29 

To BreaKk* 

Unnotched 
BM-021.........0.50 0.50 1.25 25 26 
BM-262.........0.50 0.50 4.7 17 9 
BM-1914........ 0.50 0.50 1.69 24 21 
BM-13080....... 0.50 0.50 1.07 24 29 
BM-3510....... 0.50 0.50 1.90 124 19 

Notched 
BM-021.........0.50 0.50 1.25 22 26 
BM-1914........0.50 0.50 1.69 12 21 
BM-13080....... 0.50 0.50 1.07 14 29 


* Calculated absorption based on BM-021 as explained in text. 

6 Applied energy varied from 0.098 to 0.39 ft-lb, and velocity of impact 
from 2.5 to 5 fps. 

© Velocity of impact varied from 7 to 11.3 fps, except that it was 3 to 4 
fps from BM-262. 

@ This is the only material broken in Table 4 that exhibits any ductility 
near fracture. A gage outside the region, near the clamp, of high strain will 
not reflect this slight ductility so that tue energy absorption is low. 


in which a falling weight (the pendulum) drops onto a pan at- 
tached to the springs representing the machine and the specimen. 
An analysis can be made on the following assumptions: (a) 
No damping in any components; (5) no loss of energy from the 
system, e.g., through the machine spring to the rigid foundation 
to which it is attached; (c) both springs weightless and elastic; 
(d) displacement of the springs during impact is small compared 
with the height of fall of the weight. 

At any time during impact the force P, exerted by the falling 
weight is the same for each spring, and with spring deflections 
yu and yg and spring constants Ky, and Kg is given as 


P = Kyyu = Ksys = K(yu + ys)---------- [7] 


where K = spring constant for total system. 
When the strain in the specimen reaches a maximum all the 
energy Uo, of the pendulum is given up to the springs, i.e. 


Up = Us + Une = '/2K + Kgys'? = 1/2 K + ys’)? 


where the primes denote maximum deflections. This is true for 
nonfracture, and for fracture where end effects are eliminated. 
Therefore from Equations [8] and [7] 
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5 Impact System 
Us___Ksys’? Ks Kt _ K 
Uo K Ks? Kgs 
Now from Equation [7] also 
KskKy 
Ky + Ks 
and on substitution in Equation [9] 
U K 
{10} 


Note that Ug/U is the ratio of the energy absorbed by the speci- 
men to that applied by the hammer. 

By definition, the spring constant of the specimen Kg is equal 
to P/yg and for the beam (Charpy) type of specimen the ratio is 
given by Equation [1] 


or 
4Ebh3 
Ys 
The formula for Kg for the Izod specimen is similar so that 
Ebh’ 
K, = (12) 
4L8 (: + 
Now let these equations be applied in practice. For the 


Charpy machine Us/U) = 0.36 for BM-021 when L = 2'/j¢ in., 
b = 0.50 in., h = 0.50 in., E = 1.25 K 10®. Hence Kg for BM- 
021 in this instance is 3.01 X 104 lb per in.; Ay, can then be 
calculated from Equation [11] as 1.69 x 104 lb per in. 

With these facts it is possible to predict the absorption that 
will be exhibited by any other bar of any dimensions and modulus 
and at any span. The procedure is to calculate Ks from Equa- 


tion [11] and then compute the absorption Us/Uo, from the rela- 
tionship. 
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Us __1.69 X 10¢ 
Uy 1.69 X 104+ Ks 


Table 3 illustrates a fair agreement between calculated and 
measured absorptions. The correlation is poorest with the 
materials of higher modulus, BM-262 and cast iron. 

With the Izod machine Us/U) = 0.26 for BM-021 unnotched 
having b = 0.50 in., h = 0.50 in., E = 1.25 X 10° psi, L = 
0.866 in. Ag calculated from Equation [12] is 2.26  104lb per 
in., so that Ay from Equation [10] is 0.80 * 104 lb per in. The 
energy absorption can be predicted in a manner already outlined 
for the Charpy machine. There is generally a wider difference 
between the actual and the predicted values than in the Charpy 
machine, especially when the specimen constant A‘, is high 
(BM-262, steel and cast iron) or low & !/4-in. materials). 

The analogy of the system to two springs emphasizes that 
the low energy absorption is not some mysterious attribute of 
impact testing but arises simply because the machine constant 
Ky, is too small. 
observed in a flexural test but the usual testing machine is mas- 
sive enough to make energy absorption practically 100 per cent. 

The results for steel and cast iron are good only for small im- 
pact loadings in the elastic range, and the figures are no criterion 
of tests carried to ductile yielding or to failure. From the spring 
analogy one might conclude that in the ductile region the en- 
ergy absorption would be nearly 100 per cent because there the 
specimen constant Kg, is low in keeping with the effective “modu- 
lus’’ in the ductile range. 


Low energy absorption can equally well be 


Impact Energy Versus Span in a Drop-Weight Machine. From 
Equation [10] the energy of the falling weight Uy is 
Ks 
= Ug {1 + 10 
10) 


When U4 is just sufficient to break the specimen at a given strain 
e, the energy Us, taken by the specimen, is 


Us = (1432 [5] 
216 INL, € 5 
and as 
4Ebh3 
Ks = {11} 


1 h? 4Ebh3 
= bALE 14+ 3— 1+ 


L'Ky (: 43 4 
L? 


ee eee 


If the breaking strain e, is considered constant it is easy to demon- 
strate that a plot of Uo versus span L goes through a minimum 
either by plotting values or differentiating a simplified expression 
with h?/L? = 0. In the latter instance the span-depth ratio at 
the minimum L/h is 


The effect of the depth of specimen h on the location of the mini- 
mum is elegantly illustrated by Fig. 6. For span-depth ratios 
higher than the minimum value the energy absorption soon 
reaches 100 per cent, as required by Equations [10] and [11], and 
the dynamic curve becomes a straight line. The absorption 
for the static curve is, of course, always close to 100 per cent. 

In its linear region the dynamic curve lies well above the static, 
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Fic. 6 Errect or Span on EnerGy TO BREAK FOR BM-13080 
(Dynamic test in drop-weight machine;  statie test in Amsler 60,000-lb 
testing machine.) 
suggesting that the breaking stress is considerably elevated in 
impact loading. Measurement of dynamic strain in the drop- 
weight machine did not confirm this suggestion. In fact dynamic 
and static breaking stresses were equal and the energy absorp- 
tion reached not 100 per cent but only a steady 70 percent. Pre- 
sumably the loss is in damping in the rather ‘‘dead”’ concrete base. 

The existence of damping losses distorts this analogy of the 
impact system to two elastic springs but probably not too seri- 
ously if such losses remain constant with span. 


Fia. 7 


Further Conclusions From Spring Analogy. The connection 
between displacement y, and time ¢, for the two springs is de- 
scribed by 


d*y 1K 
dt? 


the solution of which is 


{ si t+B ~ 

y = Asin . cos 4/—: 

Time of impact (4, from the moment the pendulum strikes 
the specimen until the moment at which it leaves the specimen 
on the rebound for a blow insufficient to fracture is, from Equation 
(16 ] 


This time, as required by Equation [17] and established by experi- 
ment, is independent of the velocity and energy of impact pro- 
vided that the specimen does not fracture. When the Izod 
hammer weighs 1 lb and Kg = 2.26 X 104 lb per in. (BM-021, 
b = 0.5in., kh = 0.5 in., E = 1.25 X 10® psi) and Ky (Izod) = 
0.80 X 104 lb per in. 


K = KsKy/(Ks + Ky) (from Equation [7]) = 0.59 
104 lb per in. 


Hence t; = 2.1 millisec. 

Strain-time photographs establish a mean for ¢; of 1.7 millisee 
for BM-021 and similar materials like BM-1914 and BM-13080. 
Fig. 7 shows sample photographs. The strain-time curves are 
often of a faintly saw-tooth outline, showing that the hammer 
momentarily loses: contact with the specimen, which then starts 
to return to the initial undeformed position until the hammer 
overtakes it again. The slight oscillations dying away, in Fig. 7, 


SrrRaiIn-TIME RELATIONS FOR NONFRACTURE Impact IN IzoD MACHINE 


(BM-13080, left, '/2 X 1/2in. notched, and cast iron, right, */s X 3/sin. unnotched.) 
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arise because after the hammer has rebounded the specimen 
continues to vibrate feebly at its natural frequency. 

When impact is violent enough to cause fracture the time of 
impact evidently must fall as the velocity of the striker is raised 
more and more. This is confirmed by photographs which re- 
semble Fig. 7 except that the trace breaks off when the peak is 
reached. 

When the limiting conditions: ¢ = 0, y = 0, dy/dx = wy are 
applied to Equation [16] to evaluate the constants, it becomes 


The maximum value of y is when 
sin VK/Mt = lor VK/M t = 


then 


The force Po at this point is given by 
Py = Ky =» VMK =M 
1 
where ¢, is the time of total nonfracture impact. Fig. 8 demon- 


strates that Po is linear in 1/t;; Po was calculated from readings 
of strain by the orthodox formula. 
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Impact AGAINST SPECIMEN aS FuncTION OF ToTaL TIME OF Non- 

FRACTURE Impact FOR CONSTANT HAMMER ENERGY IN Izop Ma- 
CHINE 


Limitations to Spring Analogy. The comparison of the impact 
system to two springs has allowed a successful interpretation of 
the experimental results in the following respects: (a) The 
effect of span, modulus, and dimensions on the per cent energy 
absorption in the Charpy machine; (6) the time of impact and 
its relation to maximum force; (c) the existence of a minimum 
in the curve of impact energy versus span in the drop-weight 
machine. 
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Deficiencies in the theory have appeared in the differences be- 
tween results and predictions for the materials of higher modulus 
in both machines and for all materials in the Izod tester. 

It is possible that these defects are connected with the as- 
sumption that the energy applied by the striker, divided between 
the specimen and the machine, is completely recovered on re- 
bound, that is, that 


Actually this is never so with the Izod machine. The energy 
recovered, judged by the rebound of the pendulum, is as low as 
45 per cent for a steel specimen. The energy not accounted for 
is probably lost by damping in the machine and its foundations. 
The magnitude of damping losses has already been discussed for 
the drop-weight machine. 

The machine losses probably depend largely upon the machine 
itself and not too much on its attachment to a foundation, pro- 
vided that the attachment is fairly rigid. It is possible that the 
nature of the foundation may have a marked effect on damping 
losses so that the Izod value indicated by the machine may de- 
pend upon its location. 

Dynamic Breaking Strain. A specimen deforms into ex- 
actly the same shape as demonstrated by the distribution of 
strain, whether the loading is gradual or dynamic. Further, 
there is a close agreement between the dynamic and static moduli. 
So much has been proved. 

In regard to breaking strain, sufficient results are not available 
for a final judgment. For velocities of impact up to 11 fps, it is 
tentatively concluded that the dynamic and static breaking 
strains do not differ by more than 10 per cent for the common 
phenolic molding materials. If this conclusion is firmly estab- 
lished it will follow that impact loading in the orthodox ma- 
chines is, when properly analyzed, practically no different from 
flexural loading. This possible consequence opens up attrac- 
tive vistas of simplification. The energy absorbed by the speci- 
men in impact is incomparably more significant than the ortho- 
dox Izod and Charpy values. However, there are the objections 
that the end effect is not easily eliminated and the use of electronic 
strain equipment is undesirable for general testing. The simple 
alternative is to use the area under the flexural curve as the 
real impact energy. The flexural bar may be notched or un- 
notched according to the geometry of .the molded object to 
which the results are to be applied. 

The use of flexural energy brings out a very important point 
which has been concealed by the false results of the Izod test. 
Most common molding materials possess nearly the same linear 
load-deflection curve in flexure with nearly equal values of modu- 
lus of elasticity and of flexural strength. The unnotched impact 
strength is then almost constant: When there is a notch the 
impact strength is decided by the notch sensitivity, which is a 
measure of the ability of a material to withstand the weakening 
effect of stress concentration. Here the materials begin to show 
a wide range of real impact strength simply because notch sensi- 
tivity varies so much with the filler used (16). 

Consequently, the “high-impact” materials, which have high 
Izod values, are of special value only when the molded object 
contains sharp notches or their equivalents; and their superiority 
over other molding materials almost vanishes when notches are 
eliminated by careful design and when they are not formed during 
service. 

From considerations of notch sensitivity, the standard notched- 
bar impact tests, faulty as they are, have a much greate! 
power of differentiating between molding materials than the 
orthodox tensile and flexural tests for which the specimen is not 
notched. 
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The effect of not only a notch but of modulus of elasticity, 
flexural strength, and ductility on resistance to impact is brought 
out clearly by the use of flexural energy. 


CONCLUSIONS 


The following conclusions are based on molded thermo- 
setting plastics and certain thermoplastics: 

Stress-Strain Diagram. The static and dynamic stress-strain 
diagrams are essentially identical, differing primarily only in the 
magnitude of breaking stress. 

Strength. The dynamic breaking stress or strength is slightly 
elevated over the static flexural strength by approximately 10 
per cent, resulting from the very high rate of loading. This 
is in agreement with previous data on the rate-of-loading effect 
as determined by other investigators. 

Modulus of Elasticity. 
of elasticity is encountered under dynamic stressing compared 
with static loading. 

Energy Distribution. In the static flexural test the energy 
absorption by the specimen is virtually 100 per cent. In the 
standard impact tests the energy absorption by the specimen 
varies from 10 to 50 per cent of the indicated energy loss of the 
pendulum. The remainder of the energy is lost in the machine 
and in kinetic energy of the broken parts of the specimen. 

Notch Sensitinty. The ability of the standard notched-bar 
impact tests to differentiate between materials of like tensile- 
and flexural-strength properties is primarily due to the large 
variation in notch sensitivity in these materials, 

Static Flerural Test. Static-flexural-test 
ployed to evaluate the energy of fracture and notch sensitivity 
for molded thermosetting plastics are concluded to be suf- 
ficient for predicting the service characteristics of such materials 
under both static and impact loading. 

Theory. The theoretical concepts developed are not restricted 
to the testing of plastics but may be applied to the testing of met- 
als and all other materials of construction. 


No perceptible variation in the modulus 


techniques em- 


Appendix 


Izod and Charpy Energies at Low Swings. When the pendu- 
lum is released from a lower point than that for which the ma- 
chine is calibrated, the energy is deduced from the scale reading 
(position to which pointer is carried by pendulum) for a free swing 
without any specimen in the vise. For example, for a 2-ft-lb 
machine having a velocity of impact of 11.3 fps: 


Free swing, usual position, pointer carried = 0.060 ft-lb 

Above repeated, pointer carried from 0.060 = 0.032 

Therefore windage correction, full swing = 0.032 

Windage correction, half-swing = 0.016 

From lowered position, free swing, pointer carried = 1.381 

For this reading after a specimen broke, correction to be sub- 
tracted is 0.036, according to calibration by manufacturer. 

It can be shown, then, that energy at impact for free swing of 
1.381 is 


1.984 — 1.381 + 0.036 = 0.639 ft-lb 


0.639 
1.984 


Velocity? at impact = 1. 


or 
Velocity = 6.4 fps 
If specimen breaks when struck from lowered position and 


swing-through after fracture is to 1.945, then impact strength, 
i.e, 


Energy loss of pendulum = 1.945 — correction for 1.945 
— (1.381 — 0.036) 
= 0.577 ft-lb 


Dynamic-Strain Circuit. The entire strain circuit is illus- 
trated in Fig. 9. Normally the measuring strain gage G is 
switched in, and the calibrating circuit is out. When the speci- 
men is subjected to an impact strain the condenser allows only 
the voltage change to pass to the amplifier and to the oscillo- 
graph. With the strains measured, varying from 0.1 to 1 per 
cent, the extra amplifier A, is needed to supplement that already 
embodied in the oscillograph (Dumont, Model 208). The ampli- 
fier A is essentially identical to that of the second and third 
stages of the Y-axis amplifier of Model 208. Its chief virtue is the 
possession of a constant amplitude gain over a wide frequency 
range (60 to 10,000 cycles per sec). 
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When dynamic strain only is to be measured, the basic circuit, 
alone, comprising gages, amplifier, and oscillograph, is used. 
The oscillograph beam is narrowed to a spot, and the displace- 
ment on impact is estimated by eye. The screen is calibrated 
frequently by switching out the measuring gage and bringing in 
the calibrating circuit. When the microswitch S (normally 
closed), is opened by hand, an additional small resistance R is 
suddenly introduced and displaces the spot of the oscillograph. 
The value of this resistance F? in terms of strain is determined as 
the difference in two readings when the calibrating circuit is at- 
tached to an SR-4 strain meter with the microswitch held steady 
closed and steady open. 

Two additional circuits are added when strain-time relations 
are to be established, i.e., the oscillator circuit and the time-delay 
and sweep-initiating circuit. The latter device operates in the 
following fashion: 

Initially the spot is off the screen. During its fall the hammer 
breaks a circuit which, after an adjusted time delay, causes the 
spot to sweep across the screen at a known rate. The sweep is in 
the center of the screen when the hammer striking the specimen 
superimposes a vertical strain displacement on the horizontal 
travel. The result is a record of the type shown in Fig. 7. The 
single horizontal sweep across the screen is secured by means of a 
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multivibrator circuit. With proper measures the velocity of 
sweep across the screen can be made constant throughout the 
travel. The time-delay device is a modified multivibrator in 
which one of the plate-grid connections is purely resistive. The 
tube containing this plate becomes nonconducting when the 
circuit receives a pulse on being broken by the falling hammer. 
Conduction through this tube to the sweep initiator is not re- 
established until there is a leak of charge from the grid to ground. 
The rate of leak can be varied by changing the capacity of the 
capacitive grid-plate connection. 

After the strain-time relations are determined the oscillator 
circuit is brought in to determine the sweep rate. A sinusoidal 
vibration of 1000 cycles per sec is superimposed on the sweep 
across the screen so that a photograph gives a calibration of the 
horizontal axis in terms of time. The oscillator is of the resist- 
ance-capacity tuned feedback type. 

When natural frequencies of vibration were being measured 
the external sweep initiator was eliminated and replaced by the 
built-in sweep circuit of the Dumont oscilloscope. This allowed 
a record of the type shown in Fig. 1 when the specimen was 
struck, and a calibration of the X-axis in terms of time when the 
oscillator was brought in. 
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The author advocates the adoption of activity recorders 
in the analysis of production machinery operations widely 
throughout the textile industry, as ameansof achievingim- 
proved performance and lowered costs. After describing 
the several types of equipment and their applications to 
the study of textile-machine operations, the paper explains 
the procedure followed in analyzing the data recorded. 


oF RECORDERS 


HE textile industry in general has not recognized the ad- 
vantages of obtaining graphically data regarding machinery 
operations. There are four explanations for this as follows: 


1 Low costs of labor and machinery compared with other 
industries, 

2 In general, many productive units per machine operator. 

3 Much engineering has been done by consultants, and the 
installation of this equipment for limited observations is ex- 
pensive. 

4 Nature of the machine does not readily lend itself to 
adapting the instruments. 


With increased manufacturing costs, the use of machine- 
activity recorders becomes of much greater importance than 
formerly. 

Wages have risen to new peaks and reduced costs must be 
realized through the more efficient use of manpower. Prices for 
machinery are also higher today, due not only to the increased 
cost of building the equipment but also because of the higher 
speeds, resulting in the necessity for better machining and closer 
tolerances. 

The description which follows will show methods for analysis of 
machinery operations that will assist in reducing production costs. 


EXAMPLES OF APPLICATION 


The use of recorders in studying weaving will serve as an 
illustration for this discussion. However, for mills that are not 
primarily interested in weaving, three of many other possible 
applications will be mentioned: 

1 For cloth-finishing processes, the analysis of operation time 
will serve as a record of machinery utilization, as well as uniform- 
ity of cycle times for control of quality. 

2 Another example of an indirect installation is that of the 
standard makes of regain controls, Fig. 1, which record the mois- 
ture remaining in the yarn after drying. When the sizing 
machine is stopped the instrument registers zero. As a result, 
data are available for the frequency of machine stops, time lost 
by the machine at the beginning of the work day, cleaning, or 
other reasons. In this operation the machine investment and 
wages for labor are comparatively high and the machinery 
efficiency is low due to fixed setup times. 

‘ Superintendent, Hathaway Manufacturing Company. Mem. 
A.S.M.E. 
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Data From Activity-Recording Instruments 
Applied to Textile Machinery 


By C. S. PARSONS,! NEW BEDFORD, MASS. 


Fic. 1 Type or REGAIN CONTROLLER 

3 Roving frames serve as an interesting example since many 
mills are installing new long-draft machinery to reduce the num- 
ber of operations. The greatest causes of lost efficiency are end 
breakage, doffing, and creeling. In conjunction with conven- 
tional time studies, graphic recorders assist in the analy- 
sis of roving-frame operations for frequency of occurrence and 
time spent by the operator on the machine, as well as the time 
that the frame is not receiving the attention of the operator. 
This last down time includes the time when more than one of the 
tender’s frames are stopped simultaneously. 


DESCRIPTION OF RECORDERS 


Recording wattmeters, Fig. 2, may be used for obtaining data 
on one or more machines according to the electrical drive. How- 
ever, their use is somewhat limited due to variable conditions 
in a group of machines and interpretation of average data. 

Before considering the advantages of the use of instruments 
for loom studies, a brief description will be given of the design of 
recorders that are intended for machine activity only. 

There are two common types of recorders and their selection 
will depend on the following factors: 

(a) Permanency of the installation of the machine or instru- 
ment. 

(b) Flexibility for use on other machines. 

(c) Accuracy with which charts can be read. 

(d) Ease in comparison of records from various machines to be 
studied. 

(e) Availability of charts during study. 

(f) Original cost of recorders per machine to be studied. 

(g) Installation cost of instruments. 

(k) Maintenance costs of charts. 


For simplicity, the two types for looms will be identified as 
mechanical and electrical. 

The mechanical type is clamped or bolted to the loom and any 
mechanical motion that will move or swing the pendulum 
located within the device will also move the stylus and make a 
record on the chart. 


In use, the recorder case is closed so that 
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the stylus marks the chart only during the time when the pendu- 
lum is put in motion by the working activity of the machinery to 
which the recorder has been attached. The circular charts-used 
on this device are 4 in. or 6 in. diam and are designed for 1, 3, or 
7-day operation. 

The electrical type (Fig. 3 for example) is manufactured by at 
least two different companies. It is beyond the present purposes 
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to make comparisons of the differences in design. The following 
description will be limited, therefore, to one maker’s design, Fig. 
4. This particular instrument is built for blocks of twenty 
machines and records their production on a continuous running 
chart with the records of each machine spaced about !/, in. apart. 
The electrical type may have a mechanical clock mechanism, but 
the operation of the machine is transmitted to the recorder by 
means of an electrical switch connected to the shipper mechanism 
or photronic equipment. 

When the productive machine is in operation an electromagnet 
raises the pen about 0.1 in. above the base line. When the 
machine is stopped, the electric current stops and the pen re- 
turns to its normal position. The chart is fed through the 
machine so that previously printed horizontal lines spaced 0.1 in. 
apart normally designate 1 or 2 min according to the type selected. 


APPLICATION TO A LOOM 


On a loom with an electrical stop motion the current is shut off 
when the loom stops. This switch is then used for operating the 


Fic. One Type or ELectTRICAL RECORDER 


Fic. 4 Twenry-Pen Macuine-Activiry RECORDER 
(All of the electromagnets of a twenty-pen operation recorder are mounted on a single plate, but each is removable as a unit. 


Tilting the scale plate automatically lifts all twenty pens of the operation recorder to allow easy threading of the chart.) 


4, 


pen of the recorder for indicating the stoppage for all causes. 
However, it is possible to cut into the wiring of the electrical stop 
motion and indicate on another pen the warp stoppage. A de- 
vice could be arranged so that the filling-detector mechanism 
would actuate a third pen. Thus on one third the number of 
looms as might be otherwise studied, an analysis could be made 
of total stoppage, filling and warp stoppage, and by deduction, 
all other causes. The records would then conform with current 
practice of observing three major classifications of loom stoppage. 


EXPLANATION OF CHART 


One of the first impressions obtained in observing a chart such 
as Fig. 5, is the great variation from loom to loom even on the 
same cloth construction. This is readily apparent to those who 
are not acquainted with time-study analysis. The activity of the 
looms is more effectively shown by graphs than by figures, as is 
true of graphic presentation of such data. 


MACHINE NUMBER 
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Fic. 5 Cuart Mave From Data Ostainep With ELEcTRICAL 
RECORDER 


Some engineers record operations in the sequence of their 
occurrence, which requires considerable clerical work in the 
summation of the data to follow the activity of any one particular 
machine. In contrast, some time-study observers record their 
findings directly according to the machine, irrespective of actual 
sequence. Asa result, in a 4-hr study, considerable trouble may 
occur in a brief period, for example, in !/2 hr, and for the remain- 
ing seven eighths or 3'/2 hr of the test the performance might be 
normal, Such instances are clearly seen by the use of graphic 
recorders. 

Further examination of Fig. 5 shows that the machine numbers 
are across the line on the top of the page. One hour has been 
taken to illustrate this chart. There are 60 horizontal lines with 
12 heavy lines representing 5-min intervals, as shown on the ex- 
tréme left-hand margin. It will be seen that loom No. 3 was 
stopped for 4 min from 7:33 to 7:37. 

Beneath the chart are the total stops for each loom for the hour 
and the total number of minutes stopped. 
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The efficiency of each loom can be readily calculated from the 
minutes of lost production. 

By adding across each minute line, as shown in the right-hand 
column, data may be obtained on the number of looms stopped 
during each minute. 

This twenty-pen machine-activity recorder, Fig. 4, makes 
graphic records of the production of twenty machines at one time. 
By suitable electrical connections to the starting or knockoff 
mechanism of the machine it is possible to determine the follow- 
ing: 

Number of stops. 

Duration of stops. 

Frequency of stops for any pericd. 

The number of machines stopped at any given period. 
The amount of down time for that period. 
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This machine will give a graphical record of the quantitative 
analysis of the production and, if customary time studies are made 
in conjunction with it, there should be an accurate analysis which 
could not be obtained by other means. It is recognized that a 
complete analysis of any problem should contain quantitative 
and qualitative studies. For the work in textile mills the cause 
of machine stoppage is of secondary importance if the frequency 
can be accurately obtained, since if there is not a large amount of 
machine stoppage, the causes are not of great importance. Fre- 
quently it may be necessary to make a special analysis of the 
production of the machinery in order to determine the cause of 
machinery being stopped. This device will not give an accurate 
unit time that the operator spends in starting the machine in all 
cases, inasmuch as the machine will be stopped automatically in 
most cases and as a result, the down time of the machine will in- 
clude: 


(a) Time spent by the operator arriving at the machine. 

(b) Time spent by the operator working to get the machine in 
operation. 

(c) Actually starting the machine. 
In most cases, such as weaving, the last two factors are very 
closely related and for most practical purposes can be combined. 


WEEKLY VARIATIONS PER MACHINE 


In order to determine the operation of one style a chart has 
been made from data obtained with the electrical recorder. In 
Fig. 6 is shown the analysis of the stops per loom-hour from ten 
looms operating 81 hrin 1 week. Loom No. 11 had an average of 
3.04 stops per loom per hr, and an efficiency of 77.1 per cent. 
Loom No. 17 showed much less stoppage and operated at 90 per 
cent efficiency. 

The test was operated for only 5 hr on the first shift Monday, 
8 hr on the second shift that day. On Tuesday the results of 7 
and 8-hr shifts are shown. It is interesting to observe that loom 
No. 12 operated at more nearly normal efficiency and although 
it ran poorly Thursday morning, it ran well the last of the week. 


VARIATIONS PER MACHINE 


Fig. 7 shows a probability curve of the variation in stops per 
hour. From this graph it is apparent that 21 per cent of the 
stops per loom per hour will be the average for the total test. 
Likewise, 71/2 per cent will vary approximately 30 per cent below 
or above the average and 10 per cent of the stoppage will be 
approximately 25 per cent higher or lower than average. 

Similar data were obtained and analyzed for an entirely differ- 
ent cloth construction. In this case 32 per cent.of the stoppages 
were average instead of 21 per cent. Approximately 8 per cent 
of the recorded stoppages varied 30 per cent above or below the 
mean. 
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Fic. 7 VARIATION IN Stops PER Loom PER Hour 
(Average 20 looms; continuous testing for 81 hr.) 
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PER CENT BELOW 


60 


These data are of interest in selecting a representative test 
when conventional time studies are made. 


Stops Per Hour Versus Unit TIMEs 


Fig. 8 shows the relationship between stops per loom-hour and 
weaving efficiency from a 50-hr study of twenty looms. Un- 
fortunately, this relationship is not always recognized and 
the values do not closely correspond since (1) the elemental time 
values will vary according to the nature of the stop, and (2) the 
weaver is not always immediately available to start the loom. 


Stops PER WEAVER AND PRODUCTION EFFICIENCY 


If the recording instruments are to be used for weavers’ work 
assignment, it will be interesting to examine Fig. 9, an analysis 
of stops per weaver per hour. In the upper half of this chart is 
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ANALYSIS OF STOPS PER WEAVER PER FOUR 


Date: 6/18/45 - 6/25/45 
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the hourly fluctuation in weaving efficiency of twenty looms for 
two shifts operating one week. 

In the lower half of this figure is the variation in stops per loom- 
hour. The best shift performance was on the first shift Friday. 
No third shift was in operation and yet the looms ran well the 
first hour in spite of their being stopped. It is apparent that a 
test for only a few hours on one day probably would not give 
representative data. 


MACHINE INTERFERENCE 


Published material on time studies contains very little regard- 
ing the problems resulting from multiple machine jobs. 
previously mentioned, the number of looms stopped at one time 


As was 
is a limiting factor of machine efficiency. An automatic loom 
has stop motions which operate when a yarn breaks or certain 
mechanical parts are not in correct adjustment. When all looms 
are in operation the weavers’ duties are limited to inspection and 
a few minor tasks. 
time when a varying number of looms are stopped is of great im- 
portance. To obtain these data by personal observation is diffi- 
cult when a large number of looms is tended by one weaver. 
However, the electrical recorder makes an ideal record which not 
only makes the data easily obtainable but also shows graphically 
when abnormally poor conditions occur. 


Therefore the measurement of the amount of 


INTERFERENCE TIME 

Interference time, as previously mentioned, occurs when more 
than one machine is stopped and the operator is able to work on 
only one machine at atime. For example, assume an operator is 
assigned four machines; at certain periods all machines may be 
running; then one stops, and he works on that machine. Thena 
second machine may stop before the other machine has been put 
back in operation and interference time occurs. The amount of 
lost time for this reason will depend on the following: 


1 The machine setup time. 
2 Number of machines per operator. 


ANALYSIS OF STops PER WEAVER PER HR 


3 Average time to start one machine. 

4 Frequency with which the machine stops. 

5 The number of other employees that may assist in the 
operation of the same machines and the amount of their time. 


In order to measure interference time, formulas have been set 
up by several engineers, but as yet there is none that has been 
generally accepted. This is unquestionably due to the difficulty 
in obtaining the data for proving the formulas. The present pur- 
pose is to show that with the use of activity recorders the desired 
information can be readily obtained, and that unless sufficient 
data are accumulated, erroneous deductions may result. In 
order to appreciate the importance of interference time it should 
be mentioned that in a recent weavers’ arbitration an allowance 
in earnings of 7!/2 per cent was claimed. 


EXAMPLE OF INTERFERENCE 


An actual example of loom-stoppage tests to illustrate the im- 
portance of the problem is given in Fig. 10. Conventional time 
studies were made simultaneously with the activity recorder dur- 
ing 4-hr periods. Two of these tests were chosen showing the 
effect of the weaver on the production. In the case of weaver A, 
88 per cent efficiency was obtained, and weaver B, working on the 
same job on the second shift, obtained 95 per cent efficiency. 
Each of the first four curves representsone hour’s work of weaver A. 

These graphical records analyze the number of looms stopped 
at '/.-min intervals. In the top curve, for instance, it is seen 
that at the start of.the test all looms were running; !/2: min later 
one was stopped; and at the end of 1 min three were stopped. 
Four looms had stopped in the first 1'/: min of the test. At the 
end of 5 min all looms were again in operation. After 35 min all 
looms were running for approximately 5 min. 

It is apparent that the four lower curves representing weaver B 
show much better weaving efficiency, since there is less area en- 
closed by the curves above the base line. 

The summary of these tests is shown in Fig. 11. These illus- 
trate that when weaver A ran the looms for 26.5 per cent of the 
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(Results of eight 1-hr tests. Observations made at !/2-min intervals.) 


480 observations, no loom was stopped, and 28.3 per cent of this 
time one loom was stopped. In contrast, weaver B with the 
higher efficiency, had all looms in operation 48.1 per cent of 
the time, and only one loom stopped 40 per cent of the time. 

It is believed that these data can be used as a basis for deter- 
mining certain qualifications of the weaver, such as skill, effort, 
etc. 

It should be emphasized that the number of looms stopped at 
one time does not necessarily indicate the running qualities of 
the job, but how the job was operated. The data below Fig. 11 
are significant, namely, 7 per cent less production, 40 per cent 
greater unit time, resulting in much greater time lost and the 
looms not in operation. The interference time in the first case is 
5.2 per cent and 1.2 per cent as shown for weaver B. 

The number of looms that should be assigned to a weaver is 
governed by the frequency of loom stoppage and time spent 
working on such duties. In addition there must be adequate 
allowances for patroling the job, miscellaneous tasks, and per- 
sonal time. The patrol and inspection time frequently estab- 
lished is 20 per cent of the total weaver’s time. Modern quality- 
control methods establish statistical procedures for analyzing the 
frequency of inspection. Today less inspection is required in 
many instances than was formerly practiced. It therefore be- 
comes of greater importance to demonstrate that other work is 
not required of the weaver. The methods just described will 
prove that there is not an excessive number of looms stopped 
requiring work by the weaver. 

Conventional time studies show the amount of time the oper- 
ator is not occupied performing his regular weaving duties to 
keep his machines in operation. When it is found that additional 
work can be performed, the total available time may be divided 
by the number of such time-study readings to obtain an average 
unit time available for other work. This elemental time used 
in conjunction with data regarding the average number of 
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machines stopped at one time, may be of assistance in establishing 
the correct work assignment. 

The data obtained from this recording device accumulate so 
quickly that the need for modern statistical analysis of test data 
soon becomes apparent. By means of such analysis standard 
deviation of data can be obtained. In addition, the adequacy of 
test observations can be calculated. This will unquestionably 
result in establishing new standards for the length of time that 
observations are necessary. Frequently, substantial savings in 
the cost of time-study observations will result. 


CONCLUSIONS 
It is apparent that the following information is readily available 
from the charts: 
1 Frequency of stoppage per hour or any other desired 
period. 
2 Duration of time for each stoppage. 
3 Machine efficiency of any recorded unit or machines for 
any time period of the test. 
4 Comparison of performance of similar machines. 
5 Comparison of the performance with similar products. 
6 A number of machines in one operator’s job can be re- 
corded at one time on one sheet. 
7 Variation in operations: 
(a) per shift. 
(b) comparison of shifts. 
(c) comparison of performance on different days or even 
greater periods. 
8 Starting and stopping time of shift. 
9 Instantaneous records for immediate investigation. 
10 After installation, continuous records at minimum expense. 


Other data were accumulated for further analysis which fre- 
quently are not easily obtainable, such as the following: 


INTERFERENCE TIME 


* 


PER CENT OF TOTAL OBSERVATIONS 


Weaving Efficiency 88 95 
Stops per Producing Loom Hour 2.4 2.1 
Average Time per Stop in Minutes 98 270 
Per Cent of 4 Hours Weaver Spent on Stops 54% 29% 
Interference Time (Waiting for Weaver) 5.2% 1.2% 
Average Number of Looms Stopped When 

Weaver was Available 1.1 +34 
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Weekly variations per machine. 
2 Variations for similar machines. 
3 Stops per operator and production efficiency. 
4 Machine interference. 


Adoption of activity recorders in the analysis of production 
machinery operations will result in improved performance, which 
will automatically reduce costs. The data obtained from these 
instruments will serve for work-load assignments based on ade- 
quate evidence of frequencies of occurrence. 


Discussion 


N. M. Mitcneiy.2 The paper obviously has as its objective 
the pointing out of benefits which may be obtained through in- 
telligent use of recording instruments. 

The author discusses his activities in connection with the use 
of the Esterline-Angus unit which has proved so useful to him 
in his own mill-engineering work. He obviously recognizes that 
the data which can be collected by means of this equipment can 
be misleading and actually dangerous if used either after insuffi- 
cient testing to cover truly representative periods, or without due 
consideration of the practical elements, such as types of opera- 
tives, types of fabrics, conditions of machinery, and surrounding 
conditions. 

The erying need in the textile industry today from an engi- 
necring standpoint is the determination of the true value of inter- 
ferences of all types in direct-labor operating activities. The 
type of instruments described by the author comes more nearly 
to providing a means for the correct determination of inter- 
ference than any equipment which has been presented for con- 
sideration to date. The fact that the type of equipment referred 
to is costly and somewhat cumbersome should not deter engi- 
neers from purchasing and using it, because its improvement and 
ultimate meeting of the real need for the industry can come only 
through reasonably wide distribution and use by engineers in the 
various mills. 

There is definite need that the engineering profession recognize 
the fact that publication of information collected in a casual 
manner can be of far more damage to a mill than would be the case 
if the subject were to be left untouched. The use of recording 
instruments in connection with work-load studies or machine 
studies will unquestionably expand and become general through- 
out the field, providing its early use is not abused, or the in- 
formation reported as a result of its use is not based upon 
incomplete or short-period testing. 

This paper, covering as it does the use of recording instruments, 
furnishes a great deal of valuable background information. It is 
interesting to note the state of operational affairs from the 
standpoint of loom stoppage, recorded in the chart Fig. 5. This 
indicates that the loom stoppages at given intervals throughout 
the study ranged from zero to four. It would be extremely diffi- 
cult to establish this fact without this type of recording instru- 
ment. Analysis of this information can serve as a means of 
evaluating interference and its influence on a weaver or operative 
of any type of multiple-machine operations. Without accurate 
means of measuring consecutive and respective stoppages in ma- 
chinery in multiple-ioad activities, it would be extremely diffi- 
cult to evaluate interference and properly analyze the situation. 


The writer believes there is great need to devote intensive study | 


to work-load interference in order to prevent the subject be- 
coming one of mystery and possible misuse in respect to estab- 
lishing work loads and piece rates in the textile industry. There is 
& possibility that the subject may have a harmful psychological 
influence on mill operatives unless it is treated intelligently and 
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resolved into matter-of-fact common-sense usage by mill manage- 
ment. 

The use of recording instruments will unquestionably bring 
about the revelation of substandard mechanical conditions which 
otherwise might pass unnoticed if these conditions had to depend 
only on observations of work-load students, without the use of a 
means for multiple coverage of a job. 

Present-day labor-management conditions make it necessary 
to establish accurate true facts relative to all phases of machine 
operations as well as that for the human being. The writer is of 
the strong opinion that the equipment described in the paper and 
used along the lines obviously applied in the collection of the in- 
formation which was submitted, is very much worth while and its 
use should be encouraged if possible in all mills. 


A. Patmer.* Many mills are faced with problems relating 
to work assignment that can be solved only by scientific methods. 
In many cases time studies and loom-stoppage studies are satis- 
factory. In others they are not, either because they are resented 
by the employees or because they do not give the kind of informa- 
tion that is needed. 

We have been asked by mills recently how loom-stoppage data 
can be obtained without taking time studies. Our reply has 
been to refer them to this paper. 

As the author points out, the time-study data that many of 
us have been taking show the average performance of a set 
of looms. Unless we analyze the data very carefully, we have no 
knowledge of the performance of each individual loom. The re- 
cording instruments used by the author give him not only the 
average picture, but also a clear one of the performance of each 
individual machine. 

Is it possible to use these recording instruments to show the 
sauses for loom stoppage? If these instruments can be connected 
to differentiate warp breaks, filling breaks, and miscellaneous 
stoppages from each other, some very desirable information can 
be obtained. 

One problem that, in so far as the writer knows, no one has been 
able to solve satisfactorily is the question of loom interference. 
Years ago Mr. McElroy and various others tried to set up work- 
assignment formulas that took this element into consideration. 
They did exceptionally well with the information that they 
had at their disposal, but they will probably agree, at least in 
some measure, with the writer’s feeling that there still is work to 
be done in this connection by someone who is familiar with 
higher mathematics, particularly with the theory of probability. 

In this connection it seems to me that from the records 
taken by instruments such as the one the author has been using, 
much essential basic data could be obtained. Put into the proper 
hands, these figures should enable someone who knows how to 
supply the necessary mathematical theory to develop a formula 
that would be useful, at least in the case covered by the particular 
records that were used. 

Much work of this nature has been done by Dr. Thornton C. 
Fry of the Bell Telephone Laboratories. He has supplied some 
of the mathematical procedures developed for the use of the 
telephone companies to the problem of assigning work loads in 
industry. To the layman his computations appear to be very 
complicated, not only because of the fundamental mathematical 
processes, but also because of the large number of variables that 
he includes. 

In our opinion, Dr. Fry could help the textile industry if that 
industry supplied him with data similar to that which has been 
accumulated by the author. It is believed also that if the textile 
industry indicated to Dr. Fry that a simplified process was re- 
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quired, he might be able to give us a sufficiently complete answer. 
If we know the average length of time during which looms 
stop; if we know the frequency of the occurrences and any other 
data that are pertinent to the loom-stoppage question, isn’t it 
enough to determine what the best number of machines per opera- 
tive is to keep the operator fully occupied but not overburdened, 
and to give the maximum production per loom? 

If the writer understands Dr. Fry’s work, he has included many 
considerations such as the weavers’ wages, overhead expenses, 
and items of that nature, all of which are necessary but which 
seem to complicate the problem at the outset. If we can find out, 
on the basis of the loom-stoppage data, the number of looms that 
an operator should run to give the maximum production per 
loom, then the cost items automatically take care of themselves. 
It is therefore the writer’s suggestion that as soon as the 
author, Mr. McElroy, and others who are doing this work, have 
sufficient data, they consult Dr. Fry to see what he can do with 
them. 


A. N. SHEutpon.‘ The advantages accruing from the in- 
formation provided by the use of activity-recording instruments 
seems quite obvious from the paper. The utility of its general 
adoption would appear to justify the cost if the data derived there- 
from become the basis of a careful and continuing analysis; the 
records are accurate, impersonal, visual, and permanent, for 
guidance of both management and operatives. 

There is one deduction that appears possible from the data 
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in Fig. 5, and that is that for this particular example there were 
too many looms per weaver; out of 20 looms there were only 5, 
(looms 1, 4, 7, 13, and 19) that operated continuously throughout 
the hour covered by the record, and the remaining 15 looms 
stopped 26 times and were unproductive for a total of 81 min. 
Consequently the efficiency of these 15 looms was only 90 per 
cent; the stops per loom per hour were 1.7, and the average dura- 
tion of each stop was 5.4 min. Expressed in another way, out 
of these 20 looms, 1.30 looms were stopped for the entire hour. 
For a group of 1000 looms this is equivalent to 65 looms con- 
tinuously idle, if the record for 1 hr is typical of all other hours. 
Since the capital invested in a single loom might be $1500 (in- 
cluding the cost of loom, building, air conditioning, power and 
light wiring, heating, ete.) there would be approximately over 
$100,000 of invested capital totally and always unproductive. 

Fig. 5 also shows that there were only 12 min in the hour, or 
20 per cent of the time, when all 20 looms were running simul- 
taneously, which together with the average duration of stoppage 
of 5.4 min per loom, is strong circumstantial evidence that the 
weaver’s job for this particular situation was too extended, with 
consequent loss in production from the looms and unproductive 
effort by the weaver. 

Whether or not the foregoing conclusion is correct, the activity 
recorder presents a reliable device for investigating its validity, 
and as indicated by the chart in Fig. 5, there is nothing gained by 
increasing the looms per weaver beyond the point where loss of 
production, arising from “interference time’? becomes the domi- 
nant factor. Incidentally, it does not seem consistent to penalize 


the loom-operative efficiency with interference time just be- 
cause the weaver is not present to run it. 
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In 1945, when there was a ban on national meetings, 
some papers originally scheduled for these meetings were 
presented before local groups. In the case of these papers 
the Committee on publications suspended its rule, which 
requires simultaneous publication of paper and discus- 
sion, and accepted discussion based on the published 
paper. 


Heat Transfer in the Locomotive 
Boiler' 


F. P. Hustron.? The author presents in this paper a procedure 
for determining the output of any given quality of steam from 
conventional locomotive boilers for given rates of heat release 
and gas production. 

The first part of the computation deals with the transfer of 
heat through radiation to the firebox and combustion surfaces. 
The second part deals with the transfer by convection through 
the walls of the tubes, flues, and superheater pipes. The author 
shows that the results of the computations are in reasonably close 
agreement with test data. 

The variations between the maximum evaporation estimated 
by present methods and the maximum obtained on test, as re- 
ported by the late C. A. Brandt,* on ten locomotives range from 
47 per cent more evaporation obtained on test over the estimated 
maximum to 14 per cent less. This wide spread is apparently 
due to the rule-of-thumb methods now in use, as exemplified 
by the 55-lb rule, dating back to 1912, as the result of the “Coates- 
ville tests,” or Baldwin’s 80-lb rule. Either of these figures will 
apply at some low to moderate firing rate, but many locomotives 
are used today at near the maximum steaming capacity where the 
evaporation from the firebox surfaces may approach a rate of 125 
lb of water per sq ft per hr. 

The author, in presenting the formulas derived from the gener- 
ally accepted fourth-power equation for the transfer by radiation 
in the firebox and the double logarithmic equation for transfer 
by convection in the flues, provides a means to compute the ex- 
pected performance of the present-day conventional boiler to 
greater accuracy and enables a better proportioning to be made 
between the firebox and the flue areas. His contribution should 
prove of great value in studying the influences of changes which 
obviously must be made in the combustion of the fuel and features 
of design to enable steam-locomotive boilers to meet the require- 
ments imposed by the modern trend toward higher steam pres- 
sures, greater demands, higher superheat temperatures, and better 
fuel economy. 


H. S. Vincent.‘ In the opinion of the writer the author’s 
Fig. 5 would be more useful had it been constructed to show the 
temperature of the combustion gases at the rear flue sheet instead 
of a mythical equilibrium temperature. With such data the 


' By Lawford H. Fry, published in the February, 1946, issue of 
Trans. A.S.M.E., vol. 68, pp. 107-113. 
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Division, The International Nickel Company, Inc., New York, N. Y. 
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*“The Locomotive Boiler,”” by C. A. Brandt, Trans. A.S.M.E., 
vol. 62, 1940, pp. 379-419. 
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‘ through the fire door or above the fire. 


heat absorbed through the walls of the firebox would be given by 
the expression 


H, — H, =h,.. . 
where 
H, = available heat of combustion 
H, = heat in gases at rear tube sheet 
h, = heat absorbed through walls of firebox. 


The use of the author’s Equation [1] for radiation from com- 
bustion gases cannot be defended, as has been shown conclusively 
by Schack (1),5 Hottel (2), and other investigators. Equation 
{1] of the paper can apply only to radiation from solid fuel where 
the total radiations are normal to the cold surface. To give cor- 
rect results the equation must include a factor allowing for the 
average angle through which the radiating surface ‘sees’ the 
absorbing surface. Hottel (3) has given data for evaluating such 
a factor in cubical furnaces as well as in other types of heat ex- 
changers. In so far as the writer is aware nothing of this charac- 
ter has been worked out for the locomotive furnace. 

About 10 years ago the writer published a series of articles 
(4) on the general subject of heat transfer in the locomotive boiler 
with the particular purpose of determining the proportion of 
available heat taken up by its various components, viz., firebox, 
tubes, and superheater. The data there given were derived from 
62 laboratory tests of nine different types of locomotive boilers. 
The method used in determining heat transfer through the walls of 
the firebox is given by the writer’s Equation [1]. The principal 
chance of error in using this method is from excess air introduced 
With automatic-stoker- 
firing, this contingency does not often arise. 

It will be observed from the author’s Fig. 3, especially in the 
series C, that there is excessive fluctuation in the measured tem- 
perature of the gases in the firebox in relation to the rate of firing. 
The reason for this abnormal variation in recorded temperature is 
that only one temperature determination is made for each com- 
plete test whereas for the temperature in the smokebox, as well as 
for all other data, frequent determinations are made. In any 
calculation based upon the firebox temperature it is evident 
that the results will be more logical and accurate if a mean of the 
observed firebox temperatures is taken rather than those actually 
recorded. This was the method pursued by the writer in the 
articles referred to. 

The author has given as criteria his Table 4 and Fig. 5, for es- 
timating the heat transfer through the firebox walls for any 
given locomotive. Using these data, the writer has prepared 
Table 1 of this discussion, for the locomotive series C, for which 
the author includes four tests. The writer’s Table 1 includes 
eleven tests of this locomotive, only two of which coincide with 
tests cited by the author. : 

The data for columns 4 and 5 of Table 1 are taken from the 
articles cited and are based upon the Fry (5) method of calculat- 
ing these quantities. Column 6 gives the equilibrium tempera- 
tures, as established from the author’s Fig. 5, although they do 
not agree with those shown in his Table 3, column 4. Column 7 of 
Table 1 is the so-called ‘radiation factor,” taken from the au- 
thor’s Table 4, at the appropriate temperature. Column 8 of 
Table 1 gives the heat absorbed through the firebox walls in per 


5 Numbers in parentheses refer to the Bibliography at the end of 
this discussion. 
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TABLE 1 EXPERIMENTAL DATA AND COMPUTED VALUES FOR PERCENTAGE OF AVAILABLE HEAT TRANSMITTED THROUGH 
THE FIREBOX WALLS OF LOCOMOTIVE BOILER SERIES C 
Heat absorbed through firebox 
Firing rate Heat available Mixed gas Equilibrium Radiation walls in per cent of heat 
» de for absorption Ib per hr temperature, factor, available for absorption Difference in 
per sfg btu per sq ft of per sq ft of author's author's Author's yriter's columns 8 and 9, 
Series Test no. per hr firebox hs firebox hs Fig. 5 Table 4 method method per cent 
1 2 3 4 5 6 7 8 9 0 
Cc 532 67.3 119200 157.5 1810 41600 34.9 48.3 13.4 
539 80.5 136500 185.1 1850 44700 32.7 43.9 11.2 
511 94.4 167200 210.5 1970 54900 32.9 45.8 12.9 
520. e 105.4 180100 213.0 2040 61700 34.2 46.8 12.6 
521 108.8 178600 212.5 2040 61700 34.5 45.9 11.4 
530 112.8 194200 241.5 2040 61700 31.7 42.6 10.9 
519 122.0 202000 247.1 2060 63700 31.5 42.3 10.8 
526 128.1 204100 230.0 2130 71200 34.8 46.0 eS 
531 146.9 224000 272.5 2115 69550 31.1 38.8 Bet 
527 174.6 267000 325.0 2160 74600 27.9 35.8 7.9 
523 231.2 336500 386.0 2300 92000 27.3 30.1 2.8 
Note: Def = dry coal fired; sfg = square feet of grate area; hs = heating surface. 


cent of the heat available for absorption, using the author’s 
method of calculation. Column 9 gives data similar to those of 
column 8, but calculated in accordance with the writer’s Equa- 
tion [1]. Column 10 shows the difference in percentage between 
columns 8 and 9. This varies from about 3 to 13 per cent and 
indicates to the writer that firebox absorption, as determined by 
the author’s formulations, is too low by this amount. 

In the present state of the art it seems inadvisable to attempt 
to show the exact method by which the available heat reaches the 
firebox walls. This determination must await the patient work of 
investigators who are equipped to take all of the complex elements 
of the problem into consideration. A very great need today is 
for many more laboratory tests of the locomotive with the re- 
sults made available to all who can use them. It seems most fit- 
ting that such tests should be made under the auspices of the 
Federal Government and could well be conducted by the Bureau 
of Standards. It can be said without contradiction that our pres- 
ent knowledge of the thermodynamics of the steam locomotive 
is largely due to the generosity of the Pennsylvania Railroad in 


making available records of tests conducted at their plant 


in Altoona. 
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C. J. Surpy.6 In more recent years the so-called ‘80 Ib 
rule’ has been quite generally used by locomotive builders in 
calculating the evaporative values of the boiler direct-heating 
surfaces. The presence of these new and higher values has been 
mentioned by both Johnson and Brandt but Mr. Fry in his paper 
has clearly and pointedly attributed this to high rates of combus- 
tion. Table 3 (columns 3 and 6) of the paper offers abundant 
proof of the existence of a 55 lb-125 lb evaporative range per sq ft 
of direct heating surface, depending upon combustion rates. 

The present work may be viewed as an extension of the au- 
thor’s treatise ““A Study of the Locomotive Boiler’’ (Simmons- 
Boardman Publishing Corporation, New York, N. Y., 1924) in 
which tables 5, 9, 10, 11, 12, 13, and 14 show exhaustive test re- 
sults forming the original premise of the conclusions set forth 


6 Assistant to President, The Standard Stoker Company, Inc. 
Mem. A.S.M.E. 


there and expanded in the present paper. In this earlier treatise 
the steam produced at the various rates of combustion is equated 
in terms of the total heating surface of the locomotive firebox. 
However, it is clear from this study and the present paper that 
a definite relationship exists between rate of combustion and 
evaporation per square foot of heating surface. 

To locomotive design engineers this paper presents an authori- 
tative exposition of the factors which make the modern high- 
capacity steam locomotive possible. The author should be 
complimented for this further contribution to his studies of the 
locomotive boiler. 


AUTHOR’S CLOSURE 


The author appreciates the comments made by Messrs. Surdy 
and Huston. 

Mr. Vincent’s discussion contains several points of interest. 
The author welcomes comparison between the present paper and 
Mr. Vincent’s extensive and valuable study of heat transfer in 
locomotive boilers (4) published in 1935 which deserves to be 
better known. Mr. Vincent took the results obtained in nine 
series of locomotive tests and by noting the rate of heat release 
in the firebox, the weight of the gases of combustion, and the 
temperature at which they left the firebox, he computed the rate 
at which heat was taken up in the firebox. From this the total 
heat taken up by the boiler could be separated with considerable 
precision into its three components, heat absorbed in firebox, 
heat absorbed in flues and tubes, and heat absorbed in super- 
heater. In his discussion of the present paper, Mr. Vincent 
points out that his values for heat taken up in the firebox are 
higher than those given in the paper. This is true and further 
consideration of the problem leads to the conclusion that a modi- 
fication should be made of the statement in the paper that “‘radi- 
ation at the equilibrium temperature corresponds to the heat 
actually taken up by the firebox.’ Some correction should be 
made for the fact that the equilibrium temperature is higher than 
the temperature at which the gases leave the firebox. Mr. Vin- 
cent’s figures, which confirm some of the author’s earlier figures 
(5), show that the heat actually taken up by the firebox is larger 
than that computed as radiated by Equation {1] of the paper by 
about 12 per cent at low rates and by about 5 per cent at high 
rates of operation. 

It might be possible to arrange a corrective formula to give 
better correlation between rate of heat transfer in the firebox and 
the radiation at the equilibrium temperature. It is however not 
highly important to determine the exact rate of heat transfer in 
the smokebox. Radiation at the equilibrium temperature gives & 
reasonably good qualitative picture of the distribution of heat 
absorption between the firebox and the flue bundle, and for the 
present attention is directed to the fact that the method as a 
whole gives a remarkably exact procedure for estimating the 
over-all output of locomotive boiler. Mr. Vincent in a private 
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communication says that he has made a number of checks of the 
method and has found no case in which it 
the measured results by more than one per cent. 

Rather than strive for too high a degree of idealistic perfection, 
the author prefers, as stated in the preamble of the paper, to 
work with an admittedly empiric method that produces useful 
practical results. 

Nore: Computed equilibrium temperature for Test 527 Series 
C should be 2120 not 2320. 
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Rate of Temperature Change in 
Short-Length Round Timbers' 


Max Jaxos.? In the paper under discussion one finds sen- 
tences like the following: ‘Each curve....was prepared by 
plotting the temperatures for each heating period for the logs of 
different diameters.’’ These logs are not logarithms, but real 
logs. Unfit for mathematical treatment as they may seem to 
be, the paper subjects them to such treatment. It contains and 
illustrates the solution of the differential equation for simultane- 
ous axial and radial thermal conduction in short cylindrical 
pieces of timber which are suddenly heated and then kept at con- 
stant temperature all over the surface. 

Strange enough, almost the same solution as needed and used 
here in conditioning timber logs was previously needed and de- 
rived for a similar practical purpose, namely, glass cooling, by 
Williamson and Adams.* The author’s solution also includes 
the case of different thermal conductivities in axial and radial 
directions as occurs in timbers; this, however, causes only a 
slight change in the main equation. 

The paper contains a great number of useful graphs, represent- 
ing the temperature distribution in logs, 4 and 8 ft long, of differ- 
ent diameters for different time intervals. These graphs can 
easily be converted to be used under different conditions. 

Two items in this very valuable paper are to be regretted: 
The author does not use the letter symbols for heat flow as recom- 
mended by the American Standards Association. The Ameri- 
can Standards symbol for thermal diffusivity, for instance, is 
a. The author, however, uses h? and q? for the diffusivities in 
the radial and axial direction, respectively, which is particularly 
undesirable because the American Standards employ A for sur- 
face coefficient of heat tranéfer and q for heat-flow rate. For 
time the author uses 7’ which the Standards reserve for tempera- 
ture on absolute scale as generally adopted. 

The other objection is that the author, though knowing very 
well that diffusivity is a property of the substance in which 
conduction occurs, proceeds as though it were different for heat- 
ing the timber in steam or water. His statement, ‘‘The diffusiv- 
ity values determined from experimental tests may be considered 
as values which apply for the heating medium used,” is likely to 
confuse readers who are not quite familiar with the concept 
of “diffusivity.”’ It is significant that the author speaks of a 
“diffusivity factor for radial heating’? instead of, ‘diffusivity 
factor for radial direction.”” What he actually has in mind is 


1 By J. D. MacLean, published in the January, 1946, issue of 
Trans, A.S.M.E., vol. 68, pp. 1-16. 

? Consultant in Heat Research, Armour Research Foundation, and 
Research Professor of Mechanical Engineering, Illinois Institute of 
Technology, Chicago, Ill. Nonresident Research Professor of Heat 
Transfer, Purdue University. Mem. A.S.M.E. 


°‘*Temperature Distribution in Solids During Heating or Cooling,” 
by E. D. Williamson and L. H. Adams, Physical Review, vol. 14, 1919, 
Pp. 99-114. 

‘American Standard Letter Symbols for Heat and Thermo- 
dynamies Including Heat Flow,” A.S.A., Z10.4-1943, published by 
A.S.M.E. 
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that the surface coefficient which we call h, is generally greater 
for condensing steam than for water in contact with the surface, 
and that increasing h accelerates the propagation of temperature 
in a solid as does an increase of the diffusivity a. The effect of 
an increase of h may therefore be approximated by raising the 
value of a. Then, however, one should call this an ‘‘apparent”’ 
or “equivalent” diffusivity and express it by a different symbol, 
for instance, a, Both lines in the author’s Fig. 1 obviously 
represent equivalent rather than true diffusivities, since the 
author neglects the temperature difference between the heating 
medium and the surface of the timber samples. 


Temperature-Time Distribution 
in Rectangular Bars' 


G. M. DustnBerre.? The authors suggest the use of their 
curves in the calculation of cooling rates during quenching of 
steel. There are two difficulties here, as follows: 

The first lies in the way the results are plotted, log of the tem- 
perature-change ratio against a function involving time directly. 
This is a widely used convention. It has the advantage, in plot- 
ting, that the lower end of each curve approaches a straight line. 
However, this region will ordinarily be of little interest. The 
authors wisely give a better chart in the same space by omitting 
values of 7, less than 0.02, which values are shown on many 
similar charts. 

Consider the cooling of steel from 1600 F to 100 F. The most 
important changes occur around 1300 F, or T, = 0.8. The 
logarithmic plotting constricts this part of the chart. Therefore 
a uniform scale of T, would be an improvement. A further im- 
provement would be to use +/a@/w as abscissa to expand the 
time scale in the region of practical importance. 

The second difficulty lies in the use of constant values of the 
thermal properties (k, c,, and h) and neglect of the latent heat of 
phase change. These simplifications are unavoidable under the 
conventional mathematical treatment, although not under a 
numerical treatment. 

Take an experimental temperature-time curve for a steel slab 
or billet. There is a definite “flat’’ in the critical range not shown 
on curves such as the authors’. If, by choice of mean values of 
the properties, we attempt to fit a theoretical curve to this, we 
will find that it must be in error, perhaps 10 to 15 per cent in 
position at some point and even more in regard to slope. This 
makes any question of two- or three-figure “accuracy” rather 
academic. 

The fact is that calculus is not adequate for this problem. If 
we have to get solutions by calculation rather than experiment, 
then the writer feels that we should use the less esthetic but more 

accurate finite-step methods. 


AvutuHors’ CLOSURE 


The authors appreciate Commander Dusinberre’s amplifying 
statements regarding the mathematical method of solution. The 
log plot for T, function has become a generally adopted method 
of plotting this type of data. The authors realize that it is 
sometimes desirable to plot the results in a different way from 
the one they chose; hence they have included the tabular results 
shown in Tables 1 through 5, which may be used in plotting the 
curves in any desired manner. P 

This method of solution involving the solution of the partial 


1 By W. M. Rohsenow, M. A. Aronstein, and A. C. Frank, pub- 
lished in the February, 1946, issue of Trans. A.S.M.E., vol. 68, pp. 
135-141. 

2? Department of Mechanical Engineering, Virginia Polytechnic 
Institute, Blacksburg, Va. Mem. A.S.M.E. 
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differential equation is limited to cases in which the thermal 
properties (k, Cp, and h) are essentially constant and in which 
there are no phase changes and no latent heat. This method 
may be applied to the steel slab mentioned by Commander 
Dusinberre provided the temperature range does not include the 
critical point. 


Measurements of Temperatures in 
Metal Cutting’ 


k. J. Triccer.2 The authors present interesting results of 
average chip temperatures versus cutting speed, Fig. 2 of their 
paper. The reasoning for the observed constancy of chip tem- 
perature at the higher range of speeds appears logical. The 
results do, however, emphasize the desirability of determining 
the temperature at the tool-chip interface, or contacting surface, 
since, as pointed out, this is where tool failure has its inception. 

The most direct approach to the tool-chip interface tempera- 
ture is probably by means of the tool-work thermocouple, which 
is, in reality, composed of many thermocouples in parallel so that 
the emf measured is the average emf of all the points of contact 
(thermocouples) of the tool and chip. A temperature so deter- 
mined represents therefore the average temperature at the tool- 
chip interface, and in this discussion is referred to as the cutting 
temperature. The writer has been investigating cutting tem- 
peratures utilizing the tool-work thermocouple principle and us- 
ing a steel-cutting grade of cemented carbide as the tool and 
annealed N E8640 as the workpiece. 

Since the authors used carbide tools on steel it would seem that 
the results of the cutting-temperature tests should apply quite 
directly, and sample curves are submitted to supplement the 
authors’ statements concerning the temperature of the tool. 
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1300 = Ts 4i6y : 
| | | | | 
| | | 
1000 | | = ae | | | 
100 0 300 400 500 600 700 800 900 
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Fic. Currinc Speep-Curtinc TEMPERATURE RELATIONSHIP 


Fig. 1 of this discussion shows the effect of cutting speed upon 
cutting temperature for two depths of cut at constant feed. 
Many similar curves have been obtained, all of the same general 
shape. 

It is generally observed that the curves droop at low speeds 
and/or light cuts. Examination of the chip under such condi- 
tions reveals some scuffing or roughness on the separating surface 
coincident with the presence of a significant built-up edge cn the 
tool. The effect of the built-up edge would be to remove some 
of the thermocouples from the separating surface, and thus lower 
the indicated (average) emf. Supporting this belief is the fact 
that when the chip shows no scuffing the points lie on the straight- 
line portion of the curve. Such conditions have been observed in 
many tests to date. 


1 By A. O. Schmidt, O. W. Boston, and W. W. Gilbert, Trans. 
A.S.M.E., vol. 68, 1946, pp. 47-49. 

2 Professor of Mechanical Engineering, College of Engineering, 
Department of Mechanical Engineering, University of Lllinois, 
Urbana, Ill. Mem. A.S.M.E. 
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Within the range of conditions herein reported, the writer 
believes that cutting temperature is essentially a power function 
of cutting speed, and is expressed by the relationship 7 = CV", 
where C is a constant and n the exponent. This contention 
receives support from the older and more common relationship for 
tool life and cutting speed, i.e., V7" = C, where V = cutting 
speed, sfpm; = tool life, min; C = const; and n = exponent. 

Various investigators, including the authors, report constant 
cutting force if cutting speed is the only variable. If, then, the 
tool life is shortened exponentially with increased cutting speed, 
it is presumably due to increased temperature at the tool surface 
in a similar sort of relationship, that is, exponential. 


CLOSURE 


Professor Trigger’s comments on the paper, ‘‘Measurements of 
Temperatures in Metal Cutting,” are very much appreciated. 
Professor Trigger’s method of measuring the cutting tempera- 
tures between the chip and tool by using a tool-work thermo- 
couple appears to be a logical procedure to determine the maxi- 
mum temperatures developed in metal cutting. In fact, Pro- 
fessors Gilbert and Boston first presented a paper before the 
A.S.M.E. in December, 1934, entitled, “Relation Between Cut- 
ting Force Temperature and Tool Life in Cutting Steel With 
Single-Point Tools.’’ The time of this presentation coincided 
with the depression and the paper was never published. Another 
paper entitled, ‘““Cutting Temperatures Developed by Single- 
Point Turning Tools,’’ was presented to the American Society 
for Metals* by Professors Gilbert and Boston. Both of these 
papers showed that the cutting temperature as a function of cut- 
ting speed was practically a straight line for any shape of tool, 
except for speeds below approximately 25 fpm, where the curve 
was concave downward but above the normal line. Professor 
Trigger’s definition that the thermocouple is composed of many 
thermocouples in parallel is in agreement with the authors’ 
opinion. In fact, the concave portion of the temperature-cutting 
speed curve for the lower speeds is presumably due to this par- 
ticular principle, in that at lower speeds the built-up edge be- 
comes larger, and actually introduces a considerable amount of 
worked metal between the newly formed chip and the tool face. 
This is one of the objections of the tool-work thermocouple. 
Apparently Professor Trigger’s work as shown in Fig. 1 was 
carried out at speeds where the built-up edge did not exist or 
was small in size. His lowest spe@ds were about 120 fpm, with 
tool temperatures above 1000 F. 

An objection to the tool-work thermocouple is the difficulty of 
éalibration. The authors have found that the electrical proper- 
ties of all tool bits are not identical, and that the calibration must 
be carried out between a piece of the work being cut and that par- 
ticular cutting tool doing the cutting. It is also necessary to 
make a new calibration for each material cut. It would be inter- 
esting to know Professor Trigger’s procedure in calibrating his 
tool-work thermocouple. 

The twa-tool thermocouple in which two dissimilar tool ma- 
terials form the cutting edge, eliminated the need of calibrating 
against the material cut. The greatest trouble was in regrinding 
the tool, and also the sintered carbide wore faster than the other 
tool material at cutting speeds below 100 fpm. This two-too! 
thermocouple had the advantage of being able to cut any material, 
the emf developed between the two tools being a direct function 
of the temperature at the cutting edge and independent of the 
material cut. This permitted the use of this two-tool thermo- 
couple to compare cutting temperatures under standard sizes 0! 
cuts when turning steel, cast iron, nonferrous metals, etc. 

Later a double tool-work thermocouple was developed in which 


3 Trans. American Society of Metals, vol. 33, no. 3, September, 
1935, pp. 703-726. 
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one tool of high-speed steel, and a second tool of cast nonferrous 
alloy, identical in shape, were used when cutting a bar at the same 
speed, feed, and depth of cut. The reading on the potentiometer 
was independent of the material being cut, the tool grinding was 
simplified, and the accuracy of reading was improved. 

All of these types of thermocouples gave practically straight- 
line relationships between the cutting speed and temperature. 
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In this respect the authors’ work does not agree with Professor 
Trigger’s, due perhaps to the fact that our temperatures are 
normally below 1000 F, whereas Professor Trigger’s are normally 
above. It would therefore appear that further work on this 
subject to establish the relationship between the temperature and 
the tool life as a functior of cutting speed would be well worth 
while. 
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Following the failure in January, 1943, of a welded joint 
in a high-pressure steam line at the Springdale Station 
of the West Penn Power Company, among the several 
investigations undertaken, a research program was 
initiated at Battelle Memorial Institute to study the 
fundamental causes of graphitization and the restoration 
of graphitized joints. The present paper is a summary of 
the findings to date on graphitization and includes not 
only work of the Institute but elsewhere. It gives the 
present status of significant points which have emerged 
in relation to manufacture and fabrication. 


INTRODUCTION 


HE failure in January, 1943 (1)‘ of a welded joint in a 
"abe steam line at the Springdale Station of the 
West Penn Power Company made the whole power indus- 
try, as well as the metallurgical world, acutely aware, for the 
first time, that graphite could form in steel piping operating at 
steam temperatures, and that its presence in certain instances 
could so weaken the piping as to produce a service hazard. 

Among the several investigations immediately begun by vari- 
ous interested groups was a research program at Battelle Memo- 
rial Institute under the auspices of a Joint Subcommittee on 
Graphitization, initiated by the Edison Electric Institute and the 
Association of Edison Illuminating Companies. The program 
was set up to study the fundamental causes of graphitization 
and the restoration of graphitized joints. For new pipe, it was 
desired to know one or more kinds of steel which would be resist- 
ant to graphitization. 

In particular, interest centered about the segregated type of 
graphite found in the Springdale pipe. This occurred as a con- 
tinuous film across the entire cross section of the pipe, at or near 
that zone of a welded joint which had been heated to the Ac, point 
of the steel during welding, i.e., the low-temperature edge of the 
weld-heat-affected zone. Instead of being plane, this film of 
graphite was scalloped in conformity with the heat-affected zone 
and in a cross section through weld and stock, showed a charac- 
teristic “eyebrow” formation. Graphite nodules might have 
formed elsewhere in the pipe, but with their random distribution 
they were thought to be relatively harmless. The segregated 
streaks, however, tended to form a weak and brittle plane across 
the entire pipe and it was imperative that their formation be pre- 
vented. 

This paper is a summary of the findings to date on graphitiza- 
tion investigations, both at Battelle and elsewhere. These in- 
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clude reports by approximately 40 operating companies on the 
condition of their steam lines* and by additional investiga- 
tors, principally staff members of the power companies and of 
suppliers who had individual points under study. 

In general, no attempt is made in this paper to distinguish be- 
tween the sources of the data discussed, although this has been 
done in the Battelle progress reports to the Joint Subcommittee. 

It is intended in this summary report to give the status to date 
on points that have emerged as being of greatest significance in 
manufacture and fabrication. Fortunately, it is possible to give 
reasonably good answers to some of the more important ques- 
tions, but it should be recognized that the exploration of a 
new field is likely to raise additional questions, the existence of 
which had not been anticipated. That is true in the present in- 
stance and is principally responsible for the tentative position 
which must be taken on some of the points. 


INFLUENCE OF DEOXIDATION AND ALLOYING ELEMENTS 


Aluminum Deozidation. Among the plain-carbon steels the 
high-aluminum-deoxidized types (i.e., 1.5-2 Ib Al per ton) were 
found to be relatively susceptible to graphitization at the higher 
steam temperatures. Plain-carbon steels, low-aluminum-de- 
oxidized (i.e., 0.5 lb Al per ton, or less) or straight silicon- 
deoxidized, appear resistant to graphitization at present steam 
temperatures. These findings are confirmed by both plant 
and laboratory investigations (2). Bead-welded high-aluminum- 
deoxidized plain-carbon steel showed graphitization after only 
500 hr at test temperatures of 925 F and 1025 F. At the same 
test temperatures a low-aluminum-deoxidized plain-carbon steel 
contained no more than possible traces of graphite after 7700 
hr. 

Residual aluminum in the steel, or some factor which runs 
parallel with it, seems to promote graphitization very strongly. 
In this connection there is some evidence, though it is inconclu- 
sive, to suggest that it is residual aluminum as metallic aluminum, 
rather than as Al,O;, which is effective. This point will be again 
considered when the relationship between graphitization and 
microstructure is discussed. 

Molybdenum. The presence of about 0.5 per cent molybdenum 
in the carbon-molybdenum steel retards graphitization to some 
extent. However, molybdenum was originally added to im- 
prove creep strength, and its retardation of graphitization is a 
secondary effect, far outweighed by the action of aluminum de- 
oxidation as an accelerator. Thus while low-aluminum-killed 
or straight silicon-killed carbon-molybdenum steel was found to 
be very resistant to graphitization, high-aluminum-killed carbon- 
molybdenum steel graphitized to an appreciable extent, though 
not as readily as high-aluminum-killed plain-carbon steel. The 
graphitization of carbon-molybdenum steel and the effect of 
aluminum deoxidation may be seen by comparing Fig. 1 with 
Fig. 2. 


5 Of the forty stations reporting, seven had cases of severe graphiti- 
zation (chain-eyebrow-type or heavily segregated nodules), two 
had cases of moderately severe graphitization (segregated nodules), 
four had cases of moderate graphitization (random nodules), three 
had cases of slight graphitization (a few random nodules), and 23 had 
found no graphite. 
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CARBON-MOLYBDENUM STEEL 
Beap-WELDED AND TREATED 9700 HR av 1025 F 
(Random graphitization. Nital etch; 250.) 


Fie. 1 


Chromium. Examination of the chromium-molybdenum steels 
has developed a feature of the micrcescopic identification of 
graphite that deserves mention. Chromium is added, in this 
case, to produce a carbide of such stability that it will be immune 
to any tendency to form graphite at operating temperatures. 
There is considerable evidence to support this belief, and one ex- 
pects the microscopic examination of heated test samples to show 
nothing of the nature of graphite. Actually, one observes-very 
small particles, even in samples containing 1 per cent of chro- 
mium or more, and he is inclined to report ‘traces of graphite.” 
One of these small particles is shown in Fig. 3. The occurrence 
of graphite is highly doubtful and the situation calls for positive 
identification of these particles, if not in the present simples in 
which the task would be relatively difficult, then in samples which 
have been heated long enough for them to grow into a more con- 
venient size. Unfortunately, at this time it has not been pos- 
sible to carry out the work necessary to complete the identifica- 
tion—they might be chromium oxide or some other unsuspected 
reaction or precipitation product. 

With this in mind it is noted that chromium-molybdenum 
stee's, even one containing as little as 0.25 per cent chromium 
and made with high-aluminum deoxidation, did not appear to 
graphitize in a laboratory test. After heating at 925 F and 1025 
F for 5000 hr, careful metallographic examination showed so 
little graphite, if any, that it could not be identified with cer- 
tainty. Under the same conditions, control specimens, similar 
in composition except that no chromium was added, graphitized 
after 2500 hr. Figs. 4 and 5 indicate these differences. Thus 
the stabilizing or retarding capacity of chromium is much greater 
than that of molybdenum, and is apparently sufficient to offset 
the accelerating tendency of aluminum. 

Nickel. It has been reported that nickel in amounts up to 3.43 
per cent does not increase the tendency of low-carbon molydenum 
steel toward graphitization in the temperature range of 950 F 
to 1050 F and may quite possibly decrease it. 


Errect oF Prion Heat-TREATMENT AND STRUCTURE 


Welding. The striking peculiarity in the graphitization prob- 
lem confronting the power industry is the fact that when 
segregated graphite forms in pipe during service it usually 
occurs in a narrow zone in the pipe immediately adjacent to a 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1946 


Fic. 2. Stee! 
Beap-WELDED AND TREATED 9700 Hr av 1025 F 


(No graphitization. Nital etch; 250.) 


~ 
~ 
° 


‘ 
\ - / 
‘ 


Pic. 3) Dark Particte 1n Low-ALUMINUM-KILLED CHRO- 
MIUM-MOLYBDENUM STEEL, 0.5 Per Cent Cr 0.5 Per Centr Mo, 
TreATED 2500 Hr at 1025 F; X2000 


weld. It is evident that the location of this zone and the degree 
of graphite segregation in it are largely determined by the ther- 
mal gradients imposed on the pipe during welding. Microscopic 
examination shows that this zone of graphite segregation is the 
narrow band through the wall of the pipe near the weld and 
following the weld contour, which has been heated approximately 
to the Ac, point of the steel by the welding operation. The in- 


fluence of welding heat is shown in Figs. 6 and 7 for a high- 
aluminum-killed plain-carbon steel. 
Welding is not the only factor operating to produce segregated 
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Fic. 4 Higu-ALUMINUM-KILLED CHROMIUM-MOLYBDENUM STEEL, 
0.50 Per Centr Cr, Beap-WeELpep anp Treate > 5000 Hr at 1025 F 
Nital etch; 250.) 


(No graphite. 
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hic. 6 STEEL, 


WeLpep aNnp Treated 7700 Hr ar 1025 F 
(Graphitization in zone just above Ac; isotherm. Nital etch; 250.) 
graphite; we must not overlook the simple fact that the steel 
must be inherently graphitizable. Thus the thermal treatment 
accompanying welding is a necessary but not a sufficient condi- 
tion for the production of a brittle zone of segregated graphite. 

Carbide Particle Size. There is evidence to indicate that it is 
the structure of the carbides in the zone heated to the Ac, point 
which induces the graphite segregation. In particular, the ob- 
servations suggest that a spheroidized or coarse-carbide structure, 
such as may obtain at the Ac, isotherm after welding, is especially 
susceptible to graphitization. Fine carbides appear to be more 
resistant to graphitization. This was brought out in a test of a 
high-aluminum-killed plain-carbon steel which was heated 1350 
hr at 1025 F. Specimens water-quenched from 2000 F or 1600 
F, or normalized at 1650 F, (all containing fine carbides) showed 
no graphite, while specimens annealed at 1400 F, or spheroidized 
65 hr at 1250 F, had graphitized, forming random graphite nod- 
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ules. Furthermore, welded carbon-molybdenum steel pipe, 
normalized at 1650 F, was also resistant to graphitization, pre- 
sumably because the susceptible structure near the weld was re- 
placed by a relatively fine and resistant structure. It is to be 
assumed that longer heating would ultimately produce random 
graphite, a point that is more adequately treated under the ki- 
netics of graphitization. 

Normality. The accumulated evidence seems to confirm the 
hypothesis that a steel which is structurally completely ‘“nor- 
mal’”’ in the MecQuaid-Ehn test is highly resistant, though not 
necessarily absolutely immune, to graphitization (2). In this 
light the action of aluminum as an accelerator of graphitization 
may be its known capacity for promoting spheroidization of car- 
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bides and for inducing ‘abnormality’ in steel. Thus the in- 
fluence of aluminum may actually arise from its effect on struc- 
ture. 

Contrariwise, the persistence of well-defined lamellar pearlite 
shown by Kerr and Eberle for long-continued heating of normal 
steels may be directly associated with freedom from graphitiza- 
tion (2). 

Postweld Heat-Treatment. Postweld heat-treatments at 1200 F 
or 1300 F have shown a little less graphitization as com- 
pared to the as-welded condition. The reason for this small ef- 
fect is not clear, though for molybdenum steel it has been sug- 
gested that the effect of 1300 F is due to the formation of molyb- 
denum carbide (3). A striking effect, however, is produced by a 
postweld stress relief carried out slightly above the Ac; tempera- 
ture of the steel which re-forms the structure produced by welding. 
In tests of a high-aluminum-deoxidized plain-carbon steel, stress- 
relieved at 1370 F, the formation of segregated graphite was com- 
pletely prevented, although random graphitization was not pre- 
vented, and in fact may even have been accelerated. 

The same steel, stress-relieved at 1290 F or less, after welding, 
developed segregated graphite near the Ac; isotherm. These 
tests were carried out at 925 F and 1025 F for time intervals 
up to 7700 hr. 

It may be pointed out here that some instances of resorption of 
segregated graphite have been observed in test samples. 

Creep Strength. One of the points immediately considered 
upon discovery of the apparently beneficial effects of stress- 
relieving above the lower critical temperature (Aci) was the 
effect of such a treatment on the creep strength of steel so treated. 
Creep tests could not be made in the limited time available, but 
samples of carbon-molybdenum steels were ‘‘stress-relieved”’ 
at 1425 F, and the microstructures thus produced were com- 
pared with those shown by Weaver (4), in his study of creep in 
carbon-molybdenum steel. This comparison suggested that the 
creep properties would most probably correspond to Weaver’s 
specimens representing an annealed initial condition. As such, 
the stress-relieving treatment above the lower critical point would 
not be excessively harmful to the creep strength. 


INFLUENCE OF STRESS AND STRAIN 


It is not possible at this time to distinguish very clearly between 
stress and strain (cold work) as factors in the graphitization prob- 
lem. High-pressure steam lines are under stress in service and 
some evidence has been gathered to indicate that stress may ac- 
celerate graphitization and in so doing, produce a typical 
stress pattern. It is not considered a primary cause of graphiti- 
zation, however, and the information at hand indicates that it is 
effective only in the case of a readily graphitizable steel. 

As an example of the effect of cold work, a tensile bar of high- 
aluminum-deoxidized plain-carbon steel was pulled to fracture 
at room temperature and heated 1350 hr at 1025 F. Random 
graphitization was found in the bar, increasing in severity toward 
the fracture. A similar test in a low-aluminum-killed plain- 
carbon steel produced no graphite whatever. Straining by bend- 
ing at room temperature slightly increased graphitization in a 
high-aluminum-killed plain-carbon steel, while compressive 
straining at 1025 F considerably increased the amount of graphi- 
tization. No relationship was found between the strain lines 
(Liiders’ lines) produced in a steel specimen by tensile deformation 
and the location of graphite nodules. 

The information so far accumulated points toward stress, and 
particularly that developed at steam-line operating temperatures, 
as a probable accelerator of graphitization which should not be 
overlooked. 


Errect or JOINT PREPARATION 
Among the original questions raised by the power industry re- 
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garding the susceptibility of carbon-molybdenum steel pipe to 
graphitization, three dealt with the possible effect of joint prepa- 
ration as a cause of graphitization. Specifically these were: (a) 
Is grease applied to the pipe end during fabrication a possible 
source of graphite? (b) Does gas-cutting of pipe ends prepara- 
tory to welding cause graphite to form? and (c) Does cold-work- 
ing, such as produced by too coarse a tool feed in machine-bevel- 
ing of pipe ends, cause graphite to form? 

Tests indicate that none of these three factors is likely to con- 
tribute to the graphitization of steam lines. However, the evi- 
dence is not absolutely conclusive, particularly in regard to 
the effect of grease. Hence it appears advisable to adhere to the 
practice of cleaning all joints free from grease and other foreign 
matter prior to welding. It is known, of course, that perfectly 
clean steel graphitizes if it is of the susceptible type. 

As for flame-cutting and heavy tool feeds, it is believed, in view 
of the depth of penetration of weld metal below the original sur- 
face of a joint, that neither of these surface preparations would 
cause the formation of graphite. 


Kinetics OF GRAPHITIZATION 


On the basis of preliminary work that has been done an at- 
tempt has been made to apply the principles of chemical kinetics 
to the problem of graphitization. 

The approach consists in treating the graphitization process as 
a slow chemical reaction and determining its course with time 
at constant temperature, as given by the fraction of carbon trans- 
formed from the initial condition (carbide) to the final condition 
(graphite), for different intervals of time. The plot of the frac- 
tion of total carbon transformed, against time at temperature, is 
the reaction curve of the process. By correlating a series of re- 
action curves, each representing the progress of graphitization at 
a different temperature, the effect of temperature may be de- 
termined; at least for the temperature range over which the 
mechanism of the process remains the same. 

Fig. 8 shows reaction curves obtained from data for the graphi- 
tization at 925 F, 1025 F, and 1125 F, of ‘“‘reconditioned’’* speci- 
mens of the original Springdale pipe, a high-aluminum-deoxidized 
carbon-molybdenum steel. The fraction of carbon transformed 
to graphite was determined by metallographic methods and plot- 
ted semilogarithmically against time. The solid portion of each 
curve represents the experimental data. The broken portions 
have been added to show the probable form of the complete 
curves. 

For the purpose of illustration only it was decided to use 
these data to indicate the effect of temperature on the rate of 
graphitization. For this the half-life time at each of the three 
test temperatures was read directly from the reaction curves as 
the time required to convert one half the total carbon in the steel] 
to graphite. These half-life times for 925 F, 1025 F, and 1125 F, 
plotted semilogarithmically against the reciprocal of the absolute 
temperature, yielded the approximately straight-line relationship 
shown in Fig. 9. 

Reports on the progress of graphitization usually make use of 
some simple description of amounts, particle size, and distribu- 
tion, with photomicrographs of typical areas. That is not ade- 
quate for quantitative treatment; and for the present work it was 
necessary to determine the amount of graphite in each sample. 
This was done by polishing several microsections of each sample 
and then estimating the average area covered by graphite. This 
figure in per cent gives the per cent by volume. Upon converting 
the volume per cent to weight per cent, it was necessary to apply 
a correction factor which was experimentally determined by a 
comparison of a limited number of microscopic determinations 
with direct chemical analyses for free carbon. 

Some refinements in technique are still desirable but the data 
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presented are doubtless adequate for illustrating the principles. 
At this time no great accuracy can be claimed for the individual 
determinations. However, the data are good enough at least to 
suggest that the graphitization process, when it occurs, follows 
a definite law. Furthermore this law, whatever it may be, ap- 
pears to be reasonably uniform in behavior over the range of 
temperature involved in the test program. Should this initial 
finding be corroborated by additional and more precise determina- 
tions, this is a conclusion of major significance since it gives legi- 
timate grounds for predicting, from the findings at higher and ac- 
celerating test temperatures, what will happen at lower tempera- 
tures, or down to approximately 925 F. There is some reason to 
believe that at some temperature below 925 F, which would prob- 
ably be different for different steels, some sort of change in the 
process sets in, such as one or more of the conditions for graphiti- 
zation dropping out, and hence that a temperature range of im- 
munity is entered. That temperature, if adequately determined 
and defined, would then become the maximum safe operating 
temperature for the steel in question. 

While this preliminary study was conducted for the primary 
purpose of checking the soundness of the use of accelerating test 
temperatures, in other words, checking the experimental ap- 
proach to the problem, it suggests, and possibly justifies, certain 
speculations on the type of data or observations which are 
needed to give an adequate understanding of the process. That 
should be the ultimate goal of an experimental program which 
seeks the control of graphitization. Since this is speculation, the 
discussion will be brief. 

There is some thought that graphitization is a nucleation and 
growth process. The characteristics of such a process are: (a) 
An incubation period of nucleation over which it appears that 
nothing happens; (b) a period of relatively rapid change with 
corresponding depletion in the reacting substance; and (c) a 
final slow change to the end point. The graphitization data in- 
dicate that the reaction starts relatively fast and proceeds at a 
decelerating rate. (The curves in Fig. 8 do not show this on ac- 
count of the logarithmic scale, but it becomes clear when time 

_is plotted on a linear scale.) At least the data are consistent with 
the idea that nuclei are already present in the steel used for this 
test, though in other graphitizable steels that might not be so 
and the difference should show up in the reaction curves. Of 
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course if the second type of steel were tested for too short a time 
one might erroneously conclude that it was immune. 

The idea of graphite nuclei being present in some steels is not 
without support since Mr. Bolton of the Lunkenheimer Company 
has shown by chemical analysis that the Springdale steel before 
service contains about 0.04 per cent free carbon. Other steels 
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which are either immune or relatively resistant, ran about 0.01 
per cent. These amounts are too small to be seen under the mi- 
croscope. 

An experimental verification of these points is greatly to be 
desired. While they may appear to be of greater theoretical than 
practical interest, that would probably be a shortsighted view- 
point. Laboratory tests of 10,000 hr duration are relatively long, 
yet an accelerated test at 1125 F, which steps up the rate thirteen- 
fold would require over 30,000 hr to produce the effect of normal 
operating life at 925 F. In other words, we are required by the 
force of circumstances to pass judgments which are based on 
relatively short acquaintance with the steels in question. Ob- 
viously, the more complete our understanding of graphitization, 
the better able we will be to appraise steels and structures in 
short-time tests. 

Another line of speculation which may not be without interest 
relates to the effect of structure, particularly the striking segrega- 
tion of graphite along the Ac; isotherms. From thermodynamics 
it is known that the slope of the straight line in Fig. 9 is propor- 
tional to the energy change involved in the mechanism which 
controls the rate of the reaction. Calculation gives a heat value 
(32,900 cal per mol) which is consistent with the assumption that 
the controlling factor is diffusion, presumably the diffusion of 
carbon atoms through the ferrite matrix from the carbide source 
to the graphite nodules. This immediately raises the question 
of what carbide particles serve as sources. 

In most processes of nucleation and growth it is not difficult 
to identify the reacting material, or source. For the case of 
graphitization, the malleabilization of white cast iron comes to 
mind, with nodules of graphite surrounded by uniform, impover- 
ished zones. The present type of graphitization departs from 
this ideal picture, at least in numerous instances, in that the 
graphite nodules may be surrounded by carbide-containing areas. 
Obviously, those areas did not provide carbon for the graphite; 
the carbon must have come from ‘more distant points. This 
seems to be just a simple statement of the facts, and if correct it 
shows that not all of the carbon is equally ‘‘available.”’ 

There is some evidence on availability. In the Battelle pro- 
gram it was found that a steel that was either quenched and 
drawn, or normalized, did not graphitize under test conditions 
which produced graphite in the same steel when it was annealed. 
The obvious structural difference is a fine carbide in the first two 
conditions and a coarse carbide in the latter. The concept of 
availability is sufficiently intriguing to induce one to attempt to 
apply it to the case of segregated graphite. Upon heating the 
steel to Ac, during welding the carbide has an opportunity to 
coarsen and this would probably be aided by aluminum deoxida- 
tion. If graphite nuclei are already present, graphitization would 
start almost immediately by drawing carbon from those carbides 
which were able to provide it. Even so, the process is slow and, 
particularly at service temperatures, some time would elapse 
before much visible graphite had formed. If nuclei had to form 
first, still more time would be required. In either case the graph- 
ite which formed at the Ac, isotherm preferentially would serve as 
a “sump” and drain carbon from coarsened carbides in the vicin- 
ity. 

While this picture may be adequate for some of the cases of 
graphitization, a review of the findings to date indicates that it 
by no means covers all cases. Smith and Brambir (5) found, for 
example, in experiments with an end-quenched bar of graphitiza- 
ble steel that the quenched end produced graphite on being 
heated subsequently. That seems to contradict the work at 
Battelle on a quenched and drawn sample, but more likely it is 
probably just telling a different story. 

Without going into all the details, this seems to be the status 
of our knowledge of the graphitization process. By this we mean 
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that from the standpoint of understanding the process, the data 
which have been accumulated do not fall into one simple pattern, 
Taey suggest, rather, that there are varying and multiple condi- 
tions which must be satisfied for the initiation and progress of 
graphitization. 

Work on the kineties of graphitization suggests that it should 
be valuvble for distinguishing between the cases of free graphite 
initially present in the steel and of the spontaneous generation of 
nuclei. The latter condition would require a longer period for 
the growth of finite particles, and in the incubation period would 
be difficult to distinguish from the case of a nongraphitizable 
steel. (Tue determination of free graphite might make this pos- 
sible.) Furthermore, it now appears that absence of graphitiza- 
tion at a given time interval may be due either to (a) absence of 
nuclei in an otherwise graphitizable steel, (b) absence of available 
carbon in an otherwise graphitizable steel, or (c) stable carbide. 
Conditions (a) and (b) could conceivably become modified with 
additional time and produce late graphitization. Condition (c) 
is the case desired for good practice, for both fabrication and 
service. 

The ultimate use of the kinetic approach would be to make it 
possible to make reasonable predictions of behavior in service 
from accelerated test data gathered in the laboratory. 


SUMMARY 


Considerable information has been gathered on the effects of 
several of the variables operating in the graphitization of high- 
pressure steam lines. Some data have been accumulated on the 
influence of deoxidation and the composition of the steel, on 
the effects of welding heat and other preservice heat-treatments, 
and on the influence of microstructure and cold deformation. 
While the results are largely qualitative, they throw some light 
on the mechanism of graphitization and give a basis, the only 
one at present, for prescribing the steel to be used and for set- 
ting safe operating temperatures. 

In summarizing, it is thought that the following can be said on 
the points that appear now to be most important in this problem: 

Deoxidation. The deoxidation practice used in making steels 
which are presumably of the graphitizable type is of great im- 
portance. In particular, the use of 1'/, to 2 lb of aluminum per 
ton is known to have a pronounced effect. This applies to both 
carbon and carbon-molybdenum steels of the type used for steam 
lines. This effect of aluminum has been found by controlled 
tests to be more pronounced than is the stabilizing effect of 0.5 
per cent molybdenum. Steels which have been tested with not 
over 0.5 lb per ton and straight silicon-killed steels are relatively 
immune. These steels are characterized by showing a highly 
normal case structure in the McQuaid-Ehn test while the same 
steels deoxidized with the larger,amount of aluminum showed 
the abnormal structure. While there is still some small doubt 
as to the absolute immunity of these normal steels, they should 
be regarded as highly resistant and capable of operating under 
more severe conditions without graphitizing than the same steels 
of the abnormal type. (No. = 0.001 + per cent; Ab. = 0.020 
+ per cent Al). 

Composition. Since carbon is the element which produces the 
graphite, it would seem advisable to keep it on the “low side,” 
although no quantitative determinations have been made of the 
effects of different carbon contents. Chemical analysis_reports a 
small amount of free carbon in these steels as manufactured. The 
indications to date are that the nongraphitizing steels contain 
not over 0.01 per cent free carbon and the graphitizing steels 
about 0.04 per cent. This lead is so important that it should be 
followed up. This might be done by determining free carbons 
on new lots of both wrought and cast steels for information pur- 
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Manganese and silicon are both known to affect graphitization 
in general. In the present case these elements have been held 
at fairly constant levels and to date no specifie effects of these 
elements have been uncovered. 

Molybdenum is known to form a (metallic) carbide and has 
been shown to exert a stabilizing effect on pipe steels. Molyb- 
denum also has a characteristic effect on the structure of steel 
and may have a secondary effect of this type. Just what this 
effect might be has not been worked out as yet, certainly not 
quantitatively. 

It has been reported that heating the molybdenum steels at 
about 1300 F has a pronounced beneficial effect on graphitiza- 
tion. It was suggested that this is due to the conversion of iron 
carbide to the more stable molybdenum carbide, but apparently 
it is not known that this molybdenum carbide would remain 
stable at the lower operating temperatures or that the immuniza- 
tion is permanent. 

Chromium also forms a highly stable carbide and is now 
thought to be the best element to add to carbon or carbon- 
molybdenum steels to keep them from graphitizing in service. 
In contrast to molybdenum, the addition of.as little as 0.25 per 
cent chromium has at least checked graphite in high-aluminum- 
killed steel. While tests of chromium-containing steels have 
not as yet given definite or final answers, particularly on the 
amount of chromium which would be needed, the tests do indi- 
cate that chromium prevents or vastly retards graphitizacion. 
In this connection, however, it should be mentioned that tests of 
steels containing as much as 1 per cent chromium, or more, have 
shown “‘traces’’ of some new substance. Since one is looking for 
graphite in these samples, he is inclined to refer to this material 
as graphite since it occurs as very tiny dark specks. On the other 
hand, this material has not been identified, a determination which 
would not be without difficulties. 

Welding. While random graphitization can occur in pipe 
steels without causing undue alarm, the heat effects of welding 
establish a highly critical zone where the stock has been heated 
to about the Ac, temperature. This is the major cause of segre- 
gated graphite. 

While the usual stress-relieving temperatures of 1200 to 1300 
F retard graphitization, it seems to be necessary to eradicate the 
structure of the heat-affected zone to have any important effect 
on the elimination of segregated graphite. Such a stress-relieving 
would be carried out just above the critical temperature for a long 
enough time to accomplish this. This treatment should be re- 
garded as a good “corrective measure’ for use with a known or 
suspected graphitizable steel, but by no means as a substitute for 
a stable steel. 

Inasmuch as welding sets up the structural conditions which 
invite graphite segregation, welding techniques should be looked 
for to ameliorate this condition. The use of a high heat input 
and preheat which widen the heat-affected zone should be bene- 
ficial and should improve the effectivenss of stress-relieving above 
Ac. 

Prior Structure. Prior structure of the part as welded does not 
appear to have a dominating effect on graphitization. While 
the point has been kept in mind by investigators, it does not ap- 
pear to warrant very much attention. Even so it might have a 
secondary effect on the susceptible structure which is set up by 
welding. With this factor, as with various other factors of 
graphitization, an analysis of its precise effects is far less impor- 
tant than finding a steel which is immune to graphitization and 
not sensitive to deoxidation, welding, structure, etc. In particu- 
lar, it is not thought that the structure set up by hot-upsetting, 
hot-forming, etc., is of primary importance in the graphitization 
problem. 

Cold Work. The manufacture of pipe and castings for steam 
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lines does not involve cold work except scarfing and similar opera- 
tions. On this account the effects of cold work do not enter into 
the problem in a practical way, but laboratory tests have shown 
that cold deformation of graphitizable steels accelerates the proc- 
ess. On this account it might be used in a testing program to 
distinguish between graphitizable and nongraphitizable steels. 

Service Temperatures. In view of the present interest in 
higher steam temperatures it is advisable to point out that the 
various investigational programs have all related to service tem- 
peratures not above the 925 F to 950 F mean-operating-tempera- 
turerange. Steam temperatures of the order of 1000 F and above 
would very likely call for a different type of steel. 

Suggestions for Power Industry. (a) For new steam-line in- 
stallations it is suggested that a “normal” (low-aluminum-, or 
silicon-killed) carbon-molybdenum steel with initial graphite 
content of not more than 0.01 per cent, or a chromium-molyb- 
denum steel containing 0.50 to 1 per cent chromium and 0.50 
per cent molybdenum be used. Also, since postweld strese- 
relieving is general practice, it appears advisable to stress-relieve 
these steels above their Ac, temperature after welding. Future 
work may show this to be unnecessary. 

(b) Though joints exhibiting some graphitization in service 
can generally be “healed”? by normalizing at 1650-1700 F, they 
should be checked periodically. 

(c) When a joint is severely graphitized, the only safe pro- 
cedure is to cut it out and reweld, or replace it with a spool 
of new pipe. In fact, where severe graphitization is encountered 
in a large number of joints throughout the installation, it is safest. 
to replace all the pipe with a type resistant to graphitization. 
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the findings both at Battelle and elsewhere. The tentative posi- 
tion taken in answering some of the important questions is justi- 
fied by incompleteness of the findings and the different conclu- 
sions possible from the data at hand. 

From a comparison of microstructures the authors have con- 
cluded that a postweld heat-treatment just above the lower 
critical temperature will not be excessively harmful to the creep 
strength. It is hoped that subsequent creep tests will support 
this conclusion. Examination of weld-probe samples from 
both high- and low-aluminum-deoxidized carbon-molybdenum 
welded joints after a few-years’ service at 900 F shows that a defi- 
nitely spheroidized structure has resulted. It would seem im- 
portant therefore to have creep tests and stress-rupture tests 
made on this spheroidized material for comparison with service 
creep measurements. 

Efforts to reproduce the “strain-line’” type of preferential 
graphitization apparently were not successful. The importance 
of understanding the cause of this type of graphitization is so 
great that further efforts should be made to reproduce. this phe- 
nomenon under laboratory conditions. 

While the structure produced by hot-upsetting may not, as 
stated by the authors, be of primary importance in the graphiti- 
zation problem, it is the writer’s opinion that the segregated type 
of graphite found adjacent to the welds and in the strain lines 
at Springdale is in some manner related to hot-upsetting. 


I. A. Rouria. The data embodied in this report represent a 
vast amount of work and constitute a fundamental contribution 
that can be utilized in the selection and specification of new high- 
temperature-steam pipe material. 

In association with graphitization, the effect on the physical 
strength of infected joints that are in service is of the greatest im- 
portance. In an endeavor to evaluate the effect of graphitiza- 
tion, two 10-in-diam welded joints in medium-carbon steel 
A.S.T.M. A-106 Grade B pipe that had been in service at 825 F 
for 59,000 and 64,000 hr, respectively, were investigated by the 
writer’s company. Each weld joined a corrugated filler at 
the downstream side and a pipe bend at the upstream side. The 
graphitization that had occurred at these joints was judged to be 
“moderate” in amount and is shown in Fig. 10 of this discussion. 
Tensile tests made on samples taken from the joints indicate 
that the graphitization had no adverse effect on the tensile 
strength. Notched-bar tests made on samples cut from the two 
joints showed, however, a reduction in shock resistance in three 
of the four graphitized areas tested. 

The results from these tests are given in Table 1 of this discus- 
sion. Samples from the same joints were laboratory-heated at 
temperatures that were varied between 850 and 950 F for a period 
of 6000 hr to develop further graphitization. Typical graphitiza- 
tion found in these samples after laboratory-heating is shown in 
Fig. 11. Since only small samples were used, notched-bar tests 
were not made after laboratory-heating, but bend tests made on 
strips cut from these laboratory-heated samples resulted in a dis- 
tinct crack at one side of one weld as shown in Fig. 12. These 
samples were taken from welds in vertical piping, and it is inter- 
esting to note that the most severe graphitization at each weld oc- 
curred at the lower or downstream side of the weld. 

The results obtained for these joints after laboratory-test-heat- 
ing of samples removed from service show that although only 
moderate graphitization had developed as a result of 60,000 hr 
of service, a critical type of graphitization might possibly develop 
in these joints as a result of somewhat longer service. é 

The results presented by the authors regarding stress-relieving 
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Fic. 10 Moperate GRAPHITIZATION IN HEAT-AFFECTED AREA OF 
WELp IN MEprIuM-CARBON STEEL Pipe Arter 59,000 Hr or SERVICE 
aT 825 F; X100 


TABLE 1 NOTCHED-BAR DATA FOR WELDED JOINTS IN 
MEDIUM-CARBON STEEL aaah HIGH-TEMPERATURE SERV- 


-——Charpy V-notch ft-lh——. 
Pipe metal unaffected eat-affected area 


‘ by welding containing graphite 
Joint No. 1 
After 59,000 hr of service 
at 825 F: 41 34 
Corrugated filler......... 41 22 
44 42 35 30.3 
72 78.5 
86 
76 73.5 102 88.8 
Joint No. 2 
After 64,000 hr of service 
at 825 F: 59 46 
Corrugated filler......... 43 35 
46 49.3 55 45.6 
103.5 81 
69.5 79.3 57 71.6 


treatments. above the lower critical temperature are of particular 
interest since heat-treatment within or above the critical-tempera- 
ture range after welding offers a means of overcoming dangerous 
graphitization. A graphitization test is under way at the writ- 
er’s company, using welded samples of three different heats of 
A.S.T.M. A-206 low-aluminum carbon-molybdenum pipe material 
in the normalized, and also in the hot-rolled and drawn condi- 
tion. Some of the samples received a treatment of 2 hr at 1400 
F, following welding. The graphitization test is being conducted 
using laboratory-test-heating and temperatures varying between 
950 and 1150 F. The results obtained after 1500 and also after 
2500 hr of test are given in Table 2 herewith. In one of the heats 
under test, namely, heat 10,600, the 1400 F stress-relieving treat- 
ment appears to be effective in preventing graphitization, 
whereas in heats 3099 and 6347 graphite was found in the samples 
that received the 1400 F treatment. Further study is to be 
made of the time-temperature relationship of various heat- 
treatments in that temperature range. 

Each of the three heats was judged to be “normal” in the Mc- 
Quaid-Ehn test. Heat 6347 had the most clearly defined nor- 
mal structure and was classed ‘Type 1,” while the other two 
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Although each of the three steels was highly “abnormal,” which 
ie indicated that graphitization might have been expected in the 


Pers 


Six specimens of each of the three types of steel were examined. 


as a result of stress at the relatively high temperature of test. 


carbon and carbon-molybdenum samples, no clearly defined 
graphite was found in any of the sampies. While this result is 

»/ 53 Wess FN ete different from that reported in the paper by Dr. Hoyt, it should 

be remembered that the samples obtained from Professor Sol- 
berg, and here referred to, were tested at 1200 F instead of at 
if 1025 F. The range of stresses under which the samples were 
j tested as well as the hours of test are shown in Table 3 of this dis- 
cussion. The absence of graphitization in the carbon and 
have been due to lowering of the Ac, temperature for the steels 


4, Because of its alloy content it is unlikely that graphitization 

In other work a probable indication of graphitization as in- 
Ty fluenced by stress was found in a failed low-carbon superheater 
tube. Creep failure had occurred as a longitudinal crack at the 
CASS: front of the tube due to overheating. It was interesting to note 


¢ ® “Stress-Rupture Characteristics of Various Steels in Steam at 
osilhe 1200 F,” by J. T. Agnew, G. A. Hawkins, and H. L. Solberg, Trans. 
A.S.M.E., vol. 68, 1946, pp. 309-315. 


Fic. 11 GrapxitizaTion Arrer 59,000 Hr or Service FoLLowep 
BY 6000 Hr or Lasporatory-Test-HEATING: X100 


TABLE 3 STRESS-RUPTURE TEST IN 1200 F STEAM 


Type Stress during Duration of 
of ; test, test, 
steel psi* hr@ Result 

1 Lowcarbon>......... 4740 4620 No graphite 
2 Lowcarbon?......... 5770 3588 No graphite 
3 Lowcarbon?......... 6800 857 No graphite 
4 Lowearbon>......... 7000 1261 No graphite 
5 Lowcarbon>......... 12500 10 No graphite 
6 Lowearbon?......... 16000 27 No graphite 
7 Carbon-0.50 Mo?>..... 6900 7590 No graphite 
8 Carbon-0.50 Mo>..... 7400 1300 No graphite 
9 Carbon-0.50 Mo.>.... 7800 3047 No graphite 
10 Carbon-0.50 Mo>..... 9100 312 No graphite 
11 Carbon-0.50 Mo?..... 10700 696 No graphite 
12 Carbon-0.50 Mo?..... 16000 144 No graphite 
13 2-1/4 Cr-1 Mod....... 8400 1519 No graphite 
14 2-1/4 Cr-1 Mo?....... 8400 1908 No graphite 
15 2-1/4 Cr-l Mobd....... 9200 2885 No graphite 
16 2-1/4 Cr-1 Mo?>....... 10400 1114 No graphite 
17 2-1/4 Cr-l1 Mo?>....... 11300 226 No graphite 
Fic. 12. Benp Specimens oF WELDED SAMPLES THAT WERE LasBo- 18 2-!/4 Mo?....... 14400 46 No graphite 


RATORY-HEATED AFTER REMOVAL FROM SERVICE 


@ Purdue University data. 
b “‘Abnormal” in the McQuaid-Ehn teat. 


TABLE 2 GRAPHITIZATION TEST OF LOW-ALUMINUM CAR- 
BON-MOLYBDENUM PIPE MATERIAL 
(Test temperature varied between 950 and 1150 F) 


-—Hot-rolled and drawn——~ Normalized 1725 F— 
As S-R 


8 8-R o- 
welded 1200 F 1400 F welded 1200 F 1400 F 
Heat 3099 
t 1500 hr... None None Little None None Little 
: 2500 hr... Little Little Increased Little Little Increased 
Heat 6347 
; 1500 hr... None None None None None None 
2500 hr... None None Trace None None Trace 
Heat 10,600 
1500 hr... Little Little None Little None None 
2500 hr... Increased Increased None None None None 


heats were classed as “Type 2.” At the end of 2500 hr of test 
the least amount of graphite was found in the samples of the steel 
classed as having Type 1 normality. 

With respect to the influence of strain in promoting graphitiza- 
tion, as given in the paper, the results obtained from an exami- 
nation of stress-rupture samples may be of interest. Stress-rupture 
samples of low-carbon carbon-molybdenum, and chromium- 
molybdenum steel that had been tested at Purdue University in 
1200 F steam, were examined for graphitization by the writer. 
These samples have been discussed in detail in a paper by J. T. 

Agnew, G. A. Hawkins, and H. L. Solberg. The samples were . 
obtained through the courtesy of Professor Solberg and were exe 
amined for the presence of possible graphitization and for deter- 13 Grapnire a Low-Carson STEEL 13/,-In-OD 
mination of their response to the McQuaid-Ehn test. HEATER TUBE; X100 — 
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' that graphitization had occurred parailel te the failure and at a 


short distance at either side of the failure where it appeared to be 
localized as a result of probable critical stressing of the tube wall. 
Graphitization found in the tube is shown in Fig. 13 of this 
discussion. This is believed to be one of the few instances re- 
ported of the occurrence of graphitization in tubing smaller than 
4 in. diam. 


AvutrHors’ CLOSURE 


The authors appreciate Mr. McCutchan’s thoughtful analysis 
of the present status of the graphitization situation. The deter- 
mination of the creep strength of pipe steel in various struc- 
tural conditions does not come within the scope of the investi- 
gation of graphitization, but they concur in Mr. McCutchan’s 
comments. As for possible effects of hot-upsetting, we have 
examined many samples which compared structures produced 
by heating the steel to 1650 and 2200 F, respectively, and have 
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observed no significant difference in graphitization. Therefore 
it seems unlikely that the structure from hot-upsetting is sig- 
nificant though, of course, there may be other effects of that 
6peration which are. 

The discussion of Mr. Rohrig is an important contribution and 
is greatly appreciated. Referring to the stress-relieving treat- 
ment just above the critical temperature, that was devised to 
eliminate the structure of the heat-affected zone and hence to 
remove what was thought to be the particular reason for the 
highly segregated type of graphite. The treatment at about 
1400 F appears to be successful, though our experiments have 
shown that the random type of graphitization may actually be 
accelerated. Of course, it is only a corrective treatment and 
would not be needed with the right kind of steel. The other data 
which are contributed by Mr. Rohrig are all pertinent to the 
broad problem and are a welcome addition to the E.F.1.-A.E.1.C. 
program. 
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PONS MEASURING APPROXIMATELY 1 X 1 X 6 IN. 


Studies on Susceptibility of Casting 
. Steels to Graphitization 


By J. J. KANTER,' CHICAGO, ILL. 


This is a progress report for project No. 29 of the Joint 
A.S.T.M.-A.S.M.E. Committee on Effect of Temperature 
on the Properties of Metals. One of the activities under- 
taken by project No. 29 has been the study of certain as- 
pects of the graphitization problem applying to the car- 
bon-molybdenum casting steels used in welded piping 
structures. The steels so involved are of the types covered 
in A.S.T.M. Specifications A217 covering Pressure Alloy 
Castings Suitable for Fusion Welding such as valves, 
flanges, fittings, and other pressure-containing parts for 
high-temperature services. This investigation was under- 
taken in co-operation with the Manufacturers Standardi- 
zation Society (M.S.S.) of the Valve and Fitting Industry, 
through a committee representing the constituent manu- 
facturers engaged in the founding and manufacture of 
steel valves, flanges, and fittings.’ 


program of tests was adopted by a group of manufactur- 
ers? from the valve and fitting industry for comparing 
the graphitization susceptibilities and general high- 
' Materials Research Engineer, Crane Company. Mem. A.S.M.E. 
?The various manufacturers contributing steel test castings 
and investigational services include the following: Chapman 
Valve Manufacturing Company, Crane Company, Edward Valve and 
Manufacturing Company, Inc., Lunkenheimer Company, Powell 
Company, Reading-Pratt & Cady Division, Walworth Company. 
Contributed by the A.S.T.M.-A.S.M.E. Research Committee on 
Effect of Temperature on the Properties of Metals and presented at 
the Annual Meeting, New York, N. Y., November 26-29, 1945, of 
Tue AMERICAN SocteTy OF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


temperature stability of weldable grades of alloy cast steel using 
test castings in the form of a 4-keel block. This block, used by 
all of the investigators, is cast in green sand with the keels in the 
drag position, each fed from an end and through a risered mass 
above the keels as illustrated in Figs. 1 and 2. Fig. 1 shows the 
orientation of the casting as it is made, while Fig. 2 is a view 
of the four keels and the manner in which they are fed is more 
apparent. 

The keels were removed from the blocks by sawing after heat- 
treatment, consisting of normalizing and drawing. The sawed 
surfaces of these keels were then machined flat. Upon the ma- 
chined surface was deposited a single bead weld as illustrated in 
Fig. 3. The procedure in taying on the bead was essentially 
that established at Battelle Memorial Institute for the studies 
sponsored jointly by E.E.I.-A.E.I.C. The steel test coupon is 
placed in water at 60 to 65 F, at a level '/,-in. below the face 
machined for depositing, using end slugs for starting and finish- 
ing the bead. Using a 5/3:-in-diam type 7010 (C-Mo 0.50) elec- 
trode and a travel of approximately 6 ipm, the bead is deposited 
with direct-current negative polarity, at 25 to 30 volts and 125 to 
135 amp. 

After deposition of beads, the test specimens were given a 
stress-relieving heat-treatment at 1200 F. A cross section of 
a bead so deposited is illustrated in Fig. 4, showing the structure 
gradient between heat-affected zone and parent metal thus pro- 
vided for study of susceptibility to segregated graphitization 
upon aging. 

Drawing upon the experience at Battelle Memorial Institute 
in the E.E.I.-A.E.L.C, studies, aging treatments on the weld-bead 
cast-steel specimens have been made at 1025 F to attain an 
accelerated indication of graphitization susceptibility. Cur- 
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Fic. 4 Ercuep Section From SpeciMEN SHOWN IN Fic. 3 at 3 
Dram 


rently, a number of studies in these series of tests are available 
for aging periods up to about 6000 hr and the specimens are 
continuing to age in furnaces at four of the co-operating labora- 
tories. One of the furnace installations being so used exclu- 
sively for graphitization agings at 1025 F is shown in Fig. 5. 

The original plan of the M.S.S. group was to survey the dif- 
ference in graphitization susceptibility and stability of high-tem- 
perature properties in the carbon-molybdenum cast steels as 
made by various electric melting processes, namely, acid arc, 
basic arc, induction. Test heats by these processes were 
separately made using two types of deoxidation practice, 
including silicon addition, and silicon addition plus 2 lb aluminum 
per ton. 

Almost unanimously, the co-operators reported difficulty and 
inability to obtain test-block castings free of “pinholes’’ using the 
straight silicon addition and it did not appear practicable from 
the standpoint of steel-pressure-vessel founding to consider such a 
practice. It was therefore decided to add another series of test 
materials using silicon addition plus '/, lb aluminum per ton, 
which produced reasonably satisfactory test-block castings. 
Through this additional series of test castings it was expected 
that a variety of residual metallic aluminum contents would be 


Fic. 5 One or Four INSTALLATIONS oF FURNACES IN USE FOR 
Acinc We.Lp-BEApD SpEcIMENS SHOWN IN 3 


obtained among the various heats, which would afford a basis for 
correlation with graphitization susceptibility. 

Each co-operator furnished another set of test blocks by one or 
more of the electric melting processes containing 0.5 per cent of 
chromium in addition to the 0.5 per cent of molybdenum. 
These chromium-bearing castings were all made using the silicon 
plus 2 lb per ton aluminum-killing practice. 


ReEsutts oF STUDIES 


The results of the studies from the cast-steel test bars upon 
observation after agings up to 6000 hr seem to bear out the al- 
ready well-known contention that aluminum additions to carbon- 
molybdenum steels make for graphitization susceptibility as 
will be apparent from the comparison of photomicrographs, Fig. 
6. A companion McQuaid-Ehn carburized structure is shown 
on this chart for each of the aged structures. It becomes further 
apparent that these tend to substantiate the Kerr-Eberle con- 
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Fic. 6 Comparisons or Typicat McQuatn-ExN CARBURIZED STRUCTURES FoR CARBON-MOLYBDENUM Cast Streets Wir Srruc- 
TURES AT Zone at 500 Diam 
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MC QUAID-EHN x500 ORIGINAL x 500 
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“CONTACT” ZONE x100 “CONTACT” ZONE x 500 


Fic.7 Grapxyite DEvELoPED aT Heat-AFFECTED ZONE OF CARBON-MOLYBDENUM Cast Stee. Wiru 2 Ls or ALUMINUM ADDITION 
PER Ton, NoRMALIZED AFTER WELDING, AGED 4500 Hr at 1025 F 
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tention that “abnormal” structure by this criterion is an index of 
graphitization susceptibility in aluminum-treated carbon- 
molybdenum steels. This rule, however, does not necessarily 
apply to the steels having chromium additions. Study of 
microstructures indicates that the particular kind of electric- 
furnace process, all other factors being equal, is a minor in- 
fluence as regards graphitization susceptibility. 

One generalization which seems to apply with regard to the 
tests under discussion as well as much other observation, is that 
the inception of spheroidization agglomeration or coalescence 
of the carbide precedes its breakdown to graphite. A number of 
examples have been observed where in a single microfield, one 
spheroidized-carbide area will show graphite nodules, whereas an 
adjacent lamellar-carbide area will show no signs of graphite. 
Where chromium or other alloying ingredients prove effective in 
preventing graphitization under a certain condition of thermal 
history, the inhibition seems to be associated with resistance to 
spheroidization of the carbide. The susceptibility of aluminum- 
treated steel to graphitization seems to be associated with an 
accelerated tendency toward spheroidization. 

In previous reports by the Joint A.S.T.M.-A.S.M.E. Com- 
mittee, it has been apparent that strong aluminum treatment 
of steels led to easy spheroidization and consequent lack of creep 
resistance. 

Proposals have been made to the effect that graphitization at 
the margin of the heat-affected zone or ‘“‘contact zone”’ might be 
forestalled, or at least reduced to an impotent nature by a grain- 
refining normalizing heat-treatment subsequent to the welding 
operation. That such a treatment may not be effective in the 
case of a susceptible cast steel is evidenced by the micrographs, 
Fig. 7, comparing one of the weld-bead specimens normalized 
after deposition. It is seen that ‘contact zone” graphite has not 
been inhibited in this specimen. The transformation resulting 
from welding in the heat-affected zone seems to have some per- 
sistent effect, although it does appear that the zone of segregated 
graphite is somewhat broader, diffuses, and perhaps requires 
longer aging to detect. Studies upon more specimens normalized 
after welding are needed to clarify the effect. 


CHROMIUM IN Cast STEELS 


In so far as the cast-steel studies have progressed (3000 to 
5000 hr of aging), no definite evidence of graphitization has be- 
come apparent in any of the samples containing chromium in the 
range of 0.43 to 0.70 per cent as witnessed by Fig. 8, where rela- 
tively spheroidization-resistant carbides are well defined. It 
should be noted that the lowest chromium content is 0.43 and that 
the time periods involved are as yet relatively short and incon- 
clusive. 

It may eventually be determined that resistance to spheroidiza- 
tion is a necessary and perhaps sufficient condition to prevent 
graphitization over an expected service period. 

Specimens of a number of the cast steels upon which the graphi- 
tization studies are being made are aging for the eventual pur- 
pose of making creep-strength studies on structures representing 
various stages of carbide deterioration. It has become quite ap- 
parent that graphitization has occurred in some of the coupons 
being aged for creep tests after advanced spheroidization of the 
carbide had developed. In the case of carbon-molybdenum steel 
with 2 lb per ton of aluminum addition, well-developed graphite is 
apparent after about 4000 hr of aging at 1025 F. The coupons 
containing 0.50 per cent chromium have shown no definite evi- 
dence of graphite after 5000 hr of aging. The committee has 
decided to continue the aging of all coupons for creep tests up 
to at least 10,000 hr before considering the starting of creep-rate 
determinations upon any of them. 
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Discussion 


I. A. Ronria.* This report shows that under suitable condi- 
tions graphitization may readily occur in cast as well as in 
wrought carbon-molybdenum steels. The observation of an 
apparent “persistent effect” resulting in segregated graphite in 
the heat-affected area of a weld even after normalizing is of 
particular significance because normalizing has appeared to be 
the most effective postwelding treatment for preventing seg- 
regated graphite. With respect to the normalizing of welds, the 
results of laboratory graphitization tests conducted on normal- 
ized welded samples by The Detroit Edison Company may be of 
interest. 

A sample of high-aluminum carbon-molybdenum pipe, mate- 


3 Research Department, The Detroit Edison Company, Detroit, 
Mich. 
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rial was welded to low-aluminum material and then normalized 
by heating for 1 hr at 1725 F, followed by air-cooling. To pro- 
mote graphitization, ‘‘as-welded”’ as well as “normalized” samples 
were heated at temperatures varied between 1000 and 1060 
F for 3300 hr, and then at temperatures varied between 900 and 
1150 F for an additional 7000 hr. After a total time of 10,300 
hr of test heating, the as-welded samples showed a distinct 
segregation of nodular graphite in the heat-affected area whereas 
the normalized samples showed only random graphitization. 
Segregated graphite in the heat-affected area of as-welded 
high-aluminum material is shown in Fig. 9 of this discussion. 
Random graphitization at the former heat-affected area of the 
sample that was normalized after welding is shown in Fig. 10. 
Similar results were found in the low-aluminum material with the 
exception that considerably less graphite was present. 

These results indicated that the normalizing treatment of 
1 hr at 1725 F had been fully effective in removing the nucleation 
effect resulting from the heat of welding: Kerr and Eberle 
have also reported on the apparent beneficial effect of normalizing 
after welding as a means of preventing the formation of segre- 
gated graphite. The results obtained from test prompt the sug- 
gestion therefore that the normalizing treatment used by 
the author, and which is not stated in the paper, may not have 
been fully effective in reconstituting and homogenizing the 
structure of the heat-affected area in his sample. 

The author’s suggestion that resistance to spheroidization 
may be a necessary and perhaps sufficient condition to prevent 
graphitization is probably based upon the hypothesis that 
spheroidization is the first stage of graphitization. Referring 
again to the work of Kerr and Eberle,‘ it is noted that they have 
reported on a number of cases in which steels that had spheroid- 
ized were found to be resistant to graphitization. Although 
spheroidization and graphitization may be parallel phenomena 
in steel at high temperature, it does not necessarily follow that 
spheroidization is the first stage of graphitization. In this as- 
sociation it might be pointed out that although the photomicro- 
graphs presented in Fig. 6 of the paper, are for the apparent pur- 

‘Graphitization of Low-Carbon and Low Carbon-Molybdenum 


Steels’’ by H. J. Kerr and F. Eberle, A.S.M.E. pamphlet ‘‘Graphitiza- 
tion of Steel Piping,”’ included in Trans. A.S.M.E., vol. 67, 1945. 
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pose of showing the graphitization susceptibility of the alumi- 
num-treated sample in contrast with the graphitization resist- 
ance of the sample having no aluminum addition, the two samples 
appear to be about equally spheroidized. 


AUTHOR’S CLOSURE 


Mr. Rohrig’s evidence that a sample of high-aluminum carbon- 
molybdenum pipe material, welded and normalized at 1725 F 
showed only random graphitization, is in interesting contrast. 
to that on the carbon-molybdenum cast steels studied in the 
Project No. 29 investigation. Of seven different heats of carbon- 
molybdenum steel with 2 lb of aluminum addition per ton and 
normalized at 1650 F for one hour after welding by the various 
contributors of the specimens, all specimens showed a develop- 
ment of graphite after 5,000 hours of aging at 1025 F, of which 
the “contact” zone photomicrographs of Fig. 7 are typical. 
Since the presentation of the report in question, these aging 
tests have progressed far enough to show that upon 10,000 hours, 
the average degree of contact zone graphitization for the seven 
heats of steel normalized after welding is about the average 
degree which was obtained for a group of six similar heats of steel 
stress-relieved only after welding upon 4000 hours of aging. 
This degree of deterioration represents about one thiid of the 
carbon transformed to graphite. While normalizing has served 
to retard the development of graphite at the contact zone, it 
by no means promises to be a satisfactory measure of control 
for the carbon-molybdenum cast steels. 

Mr. Rohrig questions the observation that spheroidization of 
carbide is a prelude to graphitization and supports his objection 
by pointing out that certain samples reported upon showed 
spheroidization but no graphitization. However, since the report 
was presented, examinations after 10,000 hours of aging at 1025 F 
have revealed further spheroidization and graphitization in a 


number of samples where it had not been found after 5000 hours, 
including those containing one half of one per cent of chromium, 
thus indicating that the development of graphite in sequence to 
spheroidization may be an eventual effect to be always con- 
sidered relative to aging time, temperature stress, and the compo- 
sition of the steel. 
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Comparative Graphitization of Some Low- 
Carbon Steels With and Without 


Molybdenum and Chromium 


By G. V. SMITH,! S. H. BRAMBIR,! ano W. G. BENZ! 


Study of several experimental heats of steel containing 
0.5 per cent molybdenum and up to 1.20 per cent chro- 
mium showed that in steels containing 0.5 per cent or 
more of chromium, no graphitization occurred in 3000 
hr at 1025 F; but this finding requires confirmation by 
study of additional heats, particularly of commercial 
manufacture. Additional studies relating to the effect 
of deoxidation practice, particularly in plain carbon steels, 
and of the effect of posttreatment of welds on graphitiza- 
tion are described. 


INTRODUCTION AND SUMMARY 


N continuation of investigations (1, 2, 3)? begun shortly after 
the now well-publicized pipe failure at the Springdale Gener- 
ating Station of the West Penn Power Company (4), we have 

studied the occurrence of graphitization in the following samples: 


1 Unwelded samples of 10 heats of 0.1-0.2 per cent carbon 
steel made and deoxidized differently. 

2 A series of experimental heats of chromium-molybdenum 
steels to ascertain the effectiveness of chromium in preventing 
graphitization. 

3 Molybdenum steel treated to simulate the structures occur- 
ring in the heat-affected region of a weld. 

4 Molybdenum steel (0.5 per cent), which had been heated at 
1300 F after welding, as a means of preventing localized graphi- 
tization in the heat-affected region. 


The results are as follows: 


1 In normalized samples from ten heats of 0.1—0.2 per cent 
carbon steel of different manufacturing and deoxidation practice 
exposed for 2000-3000 hr at 1025 F, graphite formed in only four 
steels. These four had been deoxidized with 2 lb or more of 
aluminum per ton of steel and were fine-grained and moderately 
abnormal in the carburizing test. Steels with 1 lb or less of 
aluminum per ton did not graphitize, even though in some cases 
slightly or moderately abnormal. 

2 The results indicate that in a 0.5 per cent molybdenum 
steel at least 0.5 per cent chromium is necessary to prevent 
graphitization, but do not prove that this would always suffice. 
Experimental heats containing 0.5 per cent or more of chromium 
did not graphitize under the conditions of our experiments, no 
matter how they were deoxidized or treated before or after 
welding. This inference should be checked by additional tests 
on commercial heats, however, since, although a 0.25 per cent 


' Research Laboratory, United States Steel Corporation, Kearny, 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Com- 
mittee on Effect of Temperatures on the Properties of Metals and 
presented at the Annual Meeting, New York, N. Y., Nov. 26-29, 
1945, of Tue American Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


chromium—0.5 per cent molybdenum steel, deoxidized with more 
than 1 lb of aluminum, graphitized locally under certain condi- 
tions, a similar steel without chromium did not. Graphite did not 
form in the 0.25 per cent chromium—0.5 per cent molybdenum 
steel when the welded sample had been heated to 1300 F for 4 hr 
prior to exposure at 1025 F. 

3 Simulation of the temperature-time cycles which occur 
during welding indicated that the maximum amount of graphite 
appears in that zone of the weld-heat-affected region which 
reached a temperature in the vicinity of 1400 F. This tempera- 
ture is only an approximation and is interrelated with the time at 
temperature and cooling rate. Further confirmation was ob- 
tained of the efficacy of a 1300 F treatment, prior to simulated 
service, in preventing graphitization. 

4 Inasample of pipe from the Schuylkill Generating Station 
normalized from 1650 F, graphitization was entirely suppressed 
by a treatment of 4 hr at 1300 F after welding and prior to 
simulated service. On the other hand, similar tests on samples 
which had not been normalized showed some graphite; exposure 
for 8 and 12 hr, instead of 4, at 1300 F still further reduced the 
amount of graphite to the point where it could hardly warrant 
concern. 


I GRAPHITIZATION OF TEN CARBON STEELS (0.1-0.2 Per CENT 
Carson), anp Deoxipizep DirrereNTLy, aT 1025 F 


Because of indications that manufacturing and deoxidation 
practices affect the tendency to formation of graphite in steels, we 
exposed samples of ten commercial carbon steels which happened 
to be available, in a furnace at 1025 F for a period of (a) 1000 hr, 
(b) 2000 hr, and (c) in the case of Nos. 1, 2, and 3, 3000 hr. The 
samples were examined metallographically for the presence of 
graphite, with results given in Table 1, along with the composition 
and mode of deoxidation of each steel. Each steel had initially 
been normalized from 1650 F; the samples were 3 in. long and 
3/, to 1 in. thick. We also carburized’ a sample of each steel 
and determined the resulting grain size and structure “normality” 
because of the recent claim that degree of “abnormality” is an 
indicator of tendency to graphitize. 

Graphite was detected in only four of these ten steels, namely, 
in Nos. 7, 8, 9, and 10, as illustrated in Fig. 1. These four 
comprise all which had been deoxidized with 2 lb or more of 
aluminum, had residual aluminum in excess of 0.025 per cent, and 
were fine-grained; on the other hand, the six which did not 
graphitize had been deoxidized with not more than 1 |b of 
aluminum, had less than 0.007 per cent residual aluminum, and 
were coarse-grained. The four which graphitized were moder- 
ately abnormal, but so were some of those (Nos. 4 and 5) 
which did not; thus these limited data indicate that although 
carbon steels which graphitize are abnormal, the converse is not 
necessarily true. Consequently, the normality cannot be re- 
garded as a reliable indicator of tendency to graphitize. More- 


3 By holding 8 hr at 1700 F in a commercial carburizing compound 
(Houghton's Pearlite No. 50) and furnace-cooling at a rate which 
averaged 4 deg F per minute in the range 1700 to 1000 F. : 
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. TABLE 1 CHEMICAL ANALYSIS, DEOXIDATION PRACTICE, CARBURIZED GRAIN SIZE AND STRUCTURE NORMALITY, AND 


GRAPHITIZATION SUSCEPTIBILITY OF TEN HEATS OF CARBON STEEL 


After carburizing test Graphitization at 1025 Fe 


Main deoxidizers 4 '§.T.M. Structure 1000 2000 3000 
Grade No. added,* in lb perton C Mn P Si Al grain size normality hr hr hr 
Open-hearth, 0.15 carbon... oe 1 FeSi 1Al 0.13 0.45 0.011 0.19 0.007 2-4 Slightly No No No 
abnormal 
Open-hearth, 0.15 carbon.......... 2 FeSi '/2Al4FeCTi 0.14 0.47 0.008 0.21 0.004 1-4 Slightly No No No 
abnormal 
Open-hearth, 0.15 carbon.......... 3  FeSi 6FeCTi 0.14 0.46 0.009 0.19 0.005 3-4 Slightly No No No 
abnormal 
Capped open-hearth..... 4 V/4Al 0.07 0.45 0.006 0.01 1-4 Moderately No No 
abnormal 
Capped bessemer..... ‘ . 8b 0.08 0.38 0.079 0.01 eae 2-3 Moderately No No 
abnormal 
ve grade B, Si-killed.... : ; 6 FeSi 0.27 0.52 0.016 0.22 0.006 2-4 Normal No No 
Grade B, Si-Al-killed..... is 7 *FeSi 2Al 0.24 0.86 0.013 0.23 0.033 7-8 Moderately Slight Slight 
y abnormal amount amount 
Grade XB, bessemer......... ree 8 FeSi 4Al 0.14 0.54 0.074 0.19 0.025 7-8 Moderately Yes Yes 
abnormal 
Grade XB, bessemer............... 9 FeSi 3Al 0.13 0.48 0.087 0.21 0.047 7-8 Moderately Yes Yes 
abnormal 
“4 Grade XB, bessemer, Al-killed...... 10 4Al 0.18 0.51 0.077 0.03 0.066 8 Moderately Yes Yes 
abnormal 
® Other than FeMn which was added in all steels. 
+6 Sulphur was less than 0.04 in all steels. 
; ¢ No—none detected. 
> 


Fic. 1 Type anno Amount or GRAPHITE IN NORMALIZED CARBON STEELS 
(a, No. 7; 6, No. 8; c, No. 9; d, No. 10 of Table 1, after 1000 hr at 1025 F. Picral etch; 500.) 
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over, according to these observations, the amount of residual 
aluminum, even though the accuracy of the analytical procedure 
is uncertain, appears to be a better indicator of tendency to 
graphitize than is the abnormality of the carburizing test. 

The amount of graphite was greatest in steel 9, and progres- 
sively less in Nos. 8, 10, and 7, as determined by count- 
ing the number of nodules in the following manner: In an area at 
the center of the */,-in. X 1-in. polished but unetched surface, the 
number of nodules in 50 fields 1 mm apart was determined after 
both 1000 and 2000 hr at 1025 F. To test whether a sufficient 
number of observations had been made to obtain a true picture, a 
second set of 50 observations was made, midway between the 
original ones, The results are given in Table 2. 


TABLE2 NUMBER OF GRAPHITE NODULES IN STEEL SAMPLES 


Hours Nu ber of nodules in 
Steel no. 1025 F First 50 fields Second 50 fields Total 100 fields 

7 1000 2 2 4 

8 1000 77 88 165 
2000 123 114 237 

1000 191 202 393 

2000 272 257 529 

10 1000 16 22 38 


Taking into account both this number and the size of the nod- 
ules in Fig. 1, it is evident that the amount of graphite is greatest 
in steel 9 and progressively less in steels.8, 10, and 7. It was 
hoped that the counts would also provide an indication of whether 
the number of graphite nuclei is limited or increases with time. 
The data appear, on first thought, to show an increase; but when 
it is considered that nodules already present continue to grow, 
and that the chance of intersecting a nodule (by the plane of 
polish) increases with its size, it is realized that the evidence is in- 
sufficient to permit any decision on the matter.‘ It can be said, 
however, that if new nodules form, their rate of appearance be- 
tween 1000 and 2000 hr at 1025 F is not great. 


‘ If the nodules were uniform in size (which they probably are not), 
the number counted should increase in proportion to the increase in 
radius, and since this number did not even double (except for steel 7), 
it would be necessary to make precise measurements of nodule size 
and size distribution. 


TABLE 3 CHEMICAL ANALYSIS, DEOXIDATION PRACTICE, AND CARBU Y ? s 
STRUCTURE NORMALITY OF CHROMIUM-MOLYBDENUM SERIES OF STEELS. ae 


Ident. Cc Mn Si Cr Mo Zr Al 


A 0.14 0.45 0.17 0.52 0.007 
B 0.15 0.46 0.16 0.52 0.032 
Cc 0.16 0.52 0.18 0.27 0.54 0.010 
D 0.15 0.54 0.24 0.27 0.53 0.055 
E 0.14 0.61 0.25 0.60 0.54 0.012 
F 0.13 0.61 0.23 0.60 0.53 0.073 
G 0.14 0.58 0.22 1.17 0.52 0.913 
H 0.14 0.57 0.23 1.17 0.54 0.031 
I 0.15 0.66 0.26 0.03 0.48 0.05 
J 0.16 0.55 0.20 0.12 0.54 0.05 
K 0.17 0.57 0.21 0.58 0.54 0.04 
L 0.15 0.41 0.16 1.19 0.53 0.03 


Nore: Sulphur and phosph 35 . 
not determined in the Pen eu were less than 0.035 or 0.01 per cent, 


AleOs 
0.008 


0.019 
0.015 
0.025 
0.022 
0.030 
0.014 


0.018 


respectively, in steels I, J, K, and L and were 
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Fic. 2. Lonerruptnat Cross Section or WeLp SampLe EMPLOYED 


IN SECOND SEcTION OF PAPER 
(Weld deposited for '/2, 1, 2, 4, or 8 sec. Nital-picraletch; X1.) 


The amount of graphite in the several steels could not be corre- 
lated with chemical composition nor with initial microstructure. 


Il ErrecrivENess oF CHROMIUM IN PREVENTING GRAPHITIZA- 
TION OF 0.5 Per Cent MOLYBDENUM STEEL 


Among the suggestions for preventing graphitization in 0.5 per 
cent molybdenum steel is that of adding chromium, which is one 
of a group of elements that, when present in sufficient proportion, 
combine with carbon in steel to form so-called alloy carbides. 
Molybdenum, also one of this group, is reputed (5) to possess 
stronger affinity for carbon and presumably forms a more stable 
carbide than does chromium; consequently, if carbide stability is 
a factor, there is no a priori reason for thinking that chromium 
addition will be more effective than equivalent increase in 
molybdenum. 

Materials and Procedure. In an effort to ascertain whether 
chromium is effective in preventing graphitization and, if so, the 
minimum amount necessary, we investigated a number of heats 
with 0.5 per cent molybdenum and up to 1.20 per ceat chromium, 
deoxidized with !/, or 1'/, lb of aluminum per ton or with ferro- 
silicon-zirconium, as listed in Table 3. These were 20-lb induc- 
tion-furnace heats, forged to !/.-in. X 1-in. bars, which were cut 
into 3-in. lengths. Two specimens of each were heated at 1450, 
1650, or 2200 F for '/2 hr and air-cooled. After reugh-grinding 
to remove scale, five weld deposits were made on each sample, as 
illustrated in Fig. 2, using molybdenum-steel weld rod (3/;.-in. 
Murex C-Mo 50); the rod was held for '/2, 1, 2, 4, or 8 sec at 
different locations, the sample being cooled to room temperature 
before each deposit. In this manner, it was hoped that the effect 
of steepness of the temperature gradient through the heat-affected 
region during welding 
could be determined, 
since an earlier study 
(3) showed susceptibil- 
ity to graphitization to 


After carburizing 
—test at 1700 F——— 


A.S.T.M. 
Deoxidation, grain Structure be greater the steeper 
lb Al per ton size normality hi - Oo f 
1/4 4-6 Moderately this gr: dient. ne o 
abnormal each pair of specimens 
1/4 8-9 Quite 
> was then heated 4 br 
1/4 2 Slightly at 1300 F to determine 
abnormal the effectiveness of this 
8 Moderately 
abnormal posttreatment in pre- 
4 7-8 Slightly venting localized 
abnormal 
1h, 7-8 Slightly graphitization (i, 3). 
abnormal All samples were then 
7-8 Slightly 
heated for 3000 hr at 
1/4 7-8 Slightly 1025 F in a muffle fur- 
abnormal 
w 
Fe-Si-Zr nace, after hich they 
were sectioned longi- 
Fe-Si-Zr 5-6 Slightly tudinally through the 
Fe-Si-Zr 6-7 Slightly weld deposits, and ex- 
abnormal amined microscopically 
e-Si-Zr 4-6 Slightly : 
penn for graphite. 


We also carburized 
a sample of each steel, 


AGE 
< 
sae 
2000 28 59 


‘ i 


Fic. 3) GRAPHITE IN HFAT-AFFECTED ZONE OF WELD IN STEEL D, 
1/y Mo-'/, Cr, Arrer 3000 Hr at 1025 F 


(Picral etch: 500.) 


and determined the resulting grain size and normality, with re- 
sults given in Table 3. 

Results and Discussion. Only two samples definitely graphi- 
tized; these were both of steel D, 0.25 per cent chromium-0.5 
molybdenum, deoxidized with 1'/, lb of aluminum per ton. In 
the samples of this steel normalized from 1450 or from 1650 F 
before welding, graphite formed in the heat-affected region of 
all welds, the amount being not appreciably different among the 
welds, contrary to our earlier finding (3). The graphite nodules 
were quite small, Fig. 3, and only a very few were found in un- 
affected base metal. No graphite was observed in the com- 
panion samples heated 4 hr at 1300 F after welding and prior to 
exposure at 1025 F, in further confirmation of the efficacy of this 
proposed preventive treatment (1, 3), nor-was any found in sam- 
ples previously normalized from 2200 F, confirming a tendency, 
reported earlier (3), toward increased resistance to graphitization 
of structures resulting from normalizing at high temperature. 

None of the others showed any graphite in any condition of 
prior or posttreatment, with the possible exception of B, normal- 
ized at 1650 F before welding and not heated at 1300 F after 
welding. In this there were several widely scattered nodules 
which appeared to be graphite, but because they were so small and 
so few, we cannot be certain. That this steel did not graphitize 
more extensively, in one or more original conditions, was unex- 
pected, since it was thought that the molybdenum steel would be 
more prone than the chromium-molybdenum to form graphite. 

This possible inconsistency in bebavior emphasizes again the 
danger of basing claims on observations on a small number of 
heats; the results do indicate, however, that more than 0.25 per 
cent chromium must be present in order to inhibit localized 
graphitization. 

All these steels were to some extent “abnormal” in the carbu- 
rizing test except I, the plain 0.5 per cent molybdenum steel de- 
oxidized with ferro-silicon-zirconium. Because of lack of graphi- 
tized steels in this series it is not possible to correlate 
“abnormality” with tendency to graphitization. However, the 

- normality ratings are of some interest in themselves, showing, 
for example, that it is difficult to produce a strictly normal steel; 
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that 0.5 per cent molybdenum steel is “normal” when deoxidized 
with ferro-silicon-zirconium confirms an earlier finding (7). 


III or Srrucrures or Heat-Arrecrep REGION 
Wuicu GRAPHITIZE 

It has been shown that the zone of localized graphitization in 
welded molybdenum steels is that which during welding reached a 
temperature slightly above the lower critical, A; (1340 F). To 
learn more about this phenomenon, samples of a molybdenum 
steel, susceptible to graphitization, were heated for short times 
in the range 1350-1450 F, and gradiently cooled, thin samples 
being used to insure rapid temperature change. 

From a sample of Springdale Station® pipe, air-cooled as a 3/,- 
in. section after 1/2 hr at 1650 F, a number of samples approxi- 
mately '/i¢ X 1/4 X Lin. were prepared. Using a coke-covered, 
deoxidized lead bath held at constant temperature within the 
range 1350-1450 F, and tongs heated to the bath temperature, 
one end of a sample was grasped in the tongs, and the whole im- 
mersed in the lead bath for !/. min; its free end was then 
immersed to a depth of !/, in., in water at room temperature 
and held until reasonably cool. A duplicate set of samples was 
treated at each of the temperatures 1350, 1375, 1400, 1425, and 
1450 F. Each set was then sealed, in vacuo, in a silica bomb to 
prevent subsequent oxidation and decarburization, and one of 
these was heated at 1300 F for 4!/: hr; both were held for 1000 
hr at 1025 F, and each sample was then examined metallo- 
graphically upon a longitudinal section for graphite. 

The samples were held for only !/: min in the lead bath, be- 
cause we thought this might simulate welding conditions. In such 
a short time at only slightly above the lower critical temperature, 
there is time for only partial transformation of ferrite and carbide 
to austenite, and the small regions, necessarily rich in carbon, of 
this latter constituent presumably set the stage for localized 
graphitization (1). The specimens were gradiently quenched to 
provide a progression of cooling velocities, one of which should 
correspond to the fairly fast rate of the heat-affected region of 
a weld. 

After 1000 hr at 1025 F, graphite was observed in each of the 
five samples which had not received the 1300 F treatment, but 
not in any of the companion five which had been so treated. The 
photomicrographs in Fig. 4, taken approximetely 1/4 in. from the 
quenched end, show a comparison of the five samples. The 1350, 
F sample showed no graphite in the quenched zone, Fig. 4(a), but 
there were a few small nodules in the tong-held end. At 1375, 
F there was some graphite near the quenched end, Fig. 4(b), but 
practically none in the opposite end. The quenched zone of the 
1400 F specimen, Fig. 4(c), showed the maximum amount of any 
sample, and the tong-held end showed an intermediate amount, 
At 1425 F the amount in the quenched zone had decreased 
sharply, Fig. 4(d), and there was an appreciable amount in the 
tong-held end. At 1450 F there were very few nodules at either 
end, Fig. 4(e). 

Thus these experiments indicate that graphite forms most 
readily in that portion of the heat-affected region which, during 
welding, was at a temperature in the neighborhood of 1400 F. 
This is only an approximation since our holding time of !/, min 
may not exactly simulate welding conditions; the temperature in 
any event is not critical. The experiments also indicate that 
cooling rate is significant. That no graphite occurred in any 
sample postheated at 1300 F provides further confirmation (3) 
of the utility of this treatment.® 


IV PosrrrEATMENT aT 1300 F as A PREVENTIVE OF LocaAL- 
IZED GRAPHITIZATION 
Sometime ago we suggested (1) that localized graphitization 


5 Of West Penn Power Company, where the problem first arose (4). 
6 See also the second and fourth sections of this paper. 
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Fia. 4 


etch; 


might be avoided by heating to 1300 F after welding and prior to 
service, and recently obtained experimental corroboration (3) of 
the efficacy of this treatment on samples of Springdale Station 
pipe.& 

Shortly after our results were published, H. Weisberg 
of Public Service Electric and Gas Company, reported privately 
that he had been unable to prevent graphite formation by using 
this suggested treatment although its amount had been reduced; 


REPRESENTATIVE ReGcion NEAR QuENCHED ENp or THIN SAMPLES OF '/: PER Cenr MOLYBDENUM Sree. 
(Heated to a, 1350 F; 6, 1375 F; c, 1400 F; d, 1425 F; and e, 1450 F, for 1/2 min and gradiently quenched, then heated at 1025 F for 1000 hr. 


Picral 


X 1000.) 


he then kindly supplied us with a sample of his steel, which was 
used in the following experiments. 

The samples were reported to be from a 0.5 per cent molyb- 
denum-steel pipe manufactured by National Tube Company, 
Heat No. 6532, in 1937 to A.S.T.M. specification A158-36, Grade 
P-1, was deoxidized with 1.8 lb of aluminum per ton, and was 
furnished for the Philadelphia Electric Company’s Schuylkill 
Station as annealed between 1350 and 1400 F. It had not been 
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Fic.5 GRaPHITIZATION IN HEAT-AFFECTED REGION OF !/2 PER CENT 
Hr at 


MOLYBDENUM STEEL From ScHUYLKILL STATION Pipe ArrerR 1000 
1025 F 


(Picral etch: X 500.) 


(a, As-received, not posttreated; b, as received, postireated 4 hr at 1300 F; c, normalized 1650 F, not posttreated; d, normalized 1650 F, post- 
treated 4 hr at 1300 F.) 


in service but had, in the course of Mr. Weisberg’s experiments, 
been subjected twice to a 1200 F “‘stress-relief”’ treatment. 

Since ih our earlier experiments (3) with the Springdale Station 
pipe, we had normalized the samples prior to test, and since Mr. 
Weisberg had conducted his tests in the as-received condition, we 
decided to test in both conditions. Accordingly, two specimens 
approximately 1 X 2!/, X 3%/sin. were prepared, one as received, 
the other normalized '/, hr at 1650 F. Upon each of these a 
“narrow” and a “wide” weld bead, illustrated in Fig. 6, were 
laid down according to the following conditions: 


Weld type....... Bead weld deposited in flat position 
Narrow Wide 

Arce voltage, volts.............. 28 30 

Heat input, Btu perin............ 37 171 


The purpose in having both a narrow and a wide weld bead was to 


obtain further information on the effect of steepness of tempera- 
ture gradient in the heat-affected region. After welding, each 
sample was cut in half and one half heated 4 hr at 1300 F and air- 
cooled; all four were then heated 1000 hr at 1025 F, sectioned, 
and examined microscopically. 

Figs. 5(a), (b), (c), and (d), representing the structure of the 
low-temperature zone of the heat-affected region of the narrow 
weld bead of each sample, illustrate the results. In the as- 
received sample, not heated at 1300 F after welding, much 
graphite had formed, Fig. 5(a), but the companion section heated 
at 1300 F after welding showed considerably less, though there 
was some, Fig. 5(b), corroborating Mr. Weisberg’s finding. The 
sample normalized before welding also showed considerably less 
graphite, Fig. 5(c), and the companion section heated at 1300 F 
after welding showed none at all, confirming our earlier observa- 
tions on the normalized Springdale Station pipe. In those which 
had graphitized the amount was greater in the heat-affected region 
of the narrow than of the wide weld bead. Graphite was not ob- 
served in the unaffected base metal of any sample. 
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Fic. 6 TRANSVERSE Cross SECTION OF WELD SAMPLE EMPLOYED IN 
Section IV 
(Nital-picral etch: X2.) 


We do not know why graphite formed in the as-received but not 
in the normalized sample heated at 1300 F after welding. As 
apparent in Fig. 5, the as-received material was coarse-grained, 
indicative of a comparatively high temperature during its last 
supracritical treatment; this, however, probably would con- 
tribute to greater rather than to less resistance.?’/ One suspicious 
factor is the 1350-1400 F annealed condition in which presumably 
the steel was furnished, this being the range (see preceding sec- 
tion) in which the stage is set for graphitization in the heat- 
affected region of a weld. With this beginning, the two stress- 
relief treatments at 1200 F which the material had undergone, 
may have so stabilized the graphite nuclei that they were not 
dissolved by subsequent heating for 4 hr at 1300 F,° i.e., treat- 
ment at 1200 F may have initiated the formation of graphite, but 
was too short to result in visible nodules. Some credence is given 
to this hypothesis by the results of the following experiment: 

Upon another as-received sample a weld bead was laid under 
conditions identical with those just described for the narrow 
bead (since this produced more graphite). The sample was then 
cut in half, and one half heated for 8 hr, the other for 12 hr at 
1300 F; both were then exposed for 3000 hr at 1025 F and ex- 
amined microscopically. Both samples contained graphite in 
the heat-affected region, but in such small amount that it was 
difficult to find; Fig. 7 illustrates the largest amount. The 
amount appeared to be about the same in both samples,® and 
none was observed in the unaffected base metal of either. Thus 
longer heating at 1300 F resulted in considerably less graphite, 
presumably because the graphite nuclei had been dissolved or had 
reverted to carbide. 


7 See reference (3) and also the second section of this paper. 

5 In an earlier paper (2), we showed that graphite in a similar steel 
could be caused to revert to carbide by heating at 1300 F. 

*On afterthought, it is realized that the choice of 12 hours was 
poor; 16 or 24 hours would have been better. 
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Fic. 7 Most Severe GRAPHITIZATION IN HEAT-AFFECTED ZONE OF 
ScHUYLKILL STaTION PipE WELDED IN ‘‘As-RECEIVED’’ CONDITION 
AND THEN PostrrReaTeD 8 Hr at 1300 F anp HELp at 1025 F For 
3000 Hr 
(Picral etch: 500.) 
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Further Observation of Graphitization in 
Aluminum-Killed Carbon-Molybdenum- 
Steel Steam Piping 


By R. W. EMERSON! ann MATHEW MORROW? 


Among graphitization of steel pipe studies being carried 
on, the present one deals with what the authors have 
termed ‘“‘slip-plane’’ graphitization, which describes a 
condition of graphite segregation along slip planes where 
local ‘‘yielding’’ or localized plastic deformation had 
previously occurred. Such graphitization has been found 
to vary widely from the outside to inside of a pipe and 
from quadrant to quadrant around the pipe periphery. 
It has been determined that “‘nodular’’ graphite segre- 
gation whether of the “isotherm” or slip-plane type 
is as effective as “‘chain’’ graphite in reducing the ductility 
of low-carbon or low-carbon-molybdenum steel. 


INTRODUCTION 


HE graphitization of steel containing less than 1 per cent 
"| wt and particularly less than 0.2 per cent carbon, at 
subcritical temperatures although reported in the litera- 
ture (1) was, prior to 1943, of little more than academic interest. 

The complete circumferential failure of a carbon-molybdenum- 
steel steam pipe in January, 1943, which was attributed to sub- 
critical graphitization, and the subsequent discovery of the same 
phenomenon in pipe lines in many other high-temperature steam 
power plants during the past 3 years has, however, resulted in the 
establishment of numerous intensive research programs which 
have been sponsored by both private industry and joint investi- 
gating committees. The results of these various investigations 
have been viewed by both the consumer and the producer with 
increasingly keen interest. 

A report of the failure mentioned was given, together with three 
other papers dealing with graphitization, before this Society in 
December, 1943 (2, 3, 4, 5). The many investigations which 
have been carried out during the past 3 years have shown that 
graphite tends to segregate along the extremity of the heat- 
affected zones of welded joints, provided the steel is one in which 
the carbide is potentially unstable. 

In February, 1945, however, routine sampling of several joints 
at the Springdale Power Station, at which station the original 
failure occurred, revealed a condition of graphite segregation 
which was not only of a serious nature, but one which was totally 
different from anything previously encountered. Whereas the 
terms “isotherm” and “eyebrows” were used to describe graphite 
segregation encountered adjacent to welded joints, due both to 
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the location and macroscopic appearance of the graphite, the 
authors have chosen in this case the term “‘slip-plane’”’ graphitiza- 
tion, to describe a condition of graphite segregation which appears 
to have unquestionably occurred along slip planes where local 
“yielding” or localized plastic deformation had previously oc- 
curred. 

Although the discovery of slip-plane graphitization adds further 
to the general field of knowledge about graphitization, it also 
points to the over-all complexity of this general problem with 
which we are dealing. 


LocaTION OF SLip-PLANE GRAPHITIZATION 


In sharp contrast to “isothermal” graphitization adjacent to 
welded joints, slip-plane graphitization varies markedly from ID 
to OD and from quadrant to quadrant on the pipe periphery. 
For this reason the location of the graphitized area with respect 
to the boiler lead in which the difficulty was found, as well as its 
location with respect to the original failure, is given in Fig. 1. 
Twelve inches of pipe, including the upset pipe end of No. 4 
boiler lead, was removed at the time of the failure in January, 
1943. This was replaced by a spool of pipe from one of the three 
heats of pipe originally used in this installation in 1937. This 
pipe, however, had never been in service and was used without 
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Fic. 2a Panoramic VIEW oF GRAPHITIZATION AS FouND IN ‘WELD PROBER” 


SPECIMEN From Joint No. 4-1A, 12-IN. 160 Pipe-ro-Pirpe WELD; 
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(Graphitization runs from OD to ID and on 45-deg angle with respect to longitudi- 


nal direction of 


elieved to be responsible for nucleation of graphite.) 


upsetting. Joints 4-1 and 4-1A as shown in Fig. 1, were welded, 
using a 400 F preheat and a 1200 F stress-relieving heat-treat- 
ment. 


In January, 1944 (1 year later), 1'/:-in-diam trepanned plugs 
were removed from both the inlet and outlet sides of joints 4-1A 
and the inlet (pipe) side of joint 4-2. Microscopic examination 
revealed incipient graphitization of the 12-in. spool as well as a 
mild reinfection (graphitization) of both the outlet side of joint 
4-1A and the inlet side of joint 4-2. Segregated graphite of a 
serious nature, however, was not present in the plugs examined. 

In February, 1945 (2 years later), ‘weld-prober” specimens 
were removed from the same two joints at approximately 45 deg 
from the location of the trepanned plugs. 

During the preparation of the specimen from joint 4-1A it was 
observed that two cracks were present in the old pipe which had 
all the characteristics of previously encountered graphite segrega- 
tion but which were in no way associated with the extremity of 
the heat-affected zone. Further examination revealed that these 
cracks, although extending from the OD toward the ID to adepth 
of 5/s in., did not run transverse to the direction of rolling on the 
pipe circumference but rather at an angle of 45 deg to the direc- 
tion of rolling. The pattern of the cracks, as shown in Fig. 2, is 
typical of that which is produced in material which fails by shear. 

Inasmuch as this condition existed across the entire width of 
the weld-prober specimen and not knowing to what extent it con- 
tinued into the pipe or whether or not additional planes of graph- 
ite were present in the pipe remaining in service, it was deemed 
advisable to replace the entire bend between the superheater 
header and nonreturn valve as shown in Fig. 1. This pipe bend 
was accordingly removed on March 2, 1945, and replaced by a 
1 per cent chromium 0.5 per cent molybdenum steel having an 
analysis comparable to A.S.T.M. Specification A 213 Grade T-12: 


ipe. Plastic deformation along planes of maximum shear stress is 
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ReEsvuuts or Macroscopic INVESTIGATION 


In an effort to determine the extent of the grossly segregated 
slip-plane graphitization which was found in the weld-prober 
specimen from joint 4-1A, a 13-in. section from the bend was re- 
moved, comprising the joint mentioned, 4.75 in. of the 12-in-long 
spool which was installed at the time of failure, and 7.25 in. of 
the old pipe which had been in service since 1937, and which ex- 
tended to a distance of 19 in. from the original failure. 

Having previously found that heavily segregated graphite 
could be made visible to the unaided eye by either rough-grinding 
or machining, the surface of the 13-in. length of pipe was “turned”’ 
in a lathe to obtain a clean machined surface on both the OD 
and ID (2, 12). 

After machining, the pipe section was stenciled in accordance 
with Fig. 3, and subsequently quarter-sectioned longitudinally. 
Before removing any test pieces, however, both the inside and 
outside pipe surface of each quarter-section was photographed. 
Figs. 4 to 7, inclusive, show the severity of slip-plane graphitiza- 
tion as revealed by surface-machining only. It is to be empha- 
sized that no special machining, grinding, polishing, or etching 
techniques are required to locate heavily segregated graphite 
such as shown in Figs. 4 to 7, inclusive. 

Several distinct lines of heavily segregated graphite, running 
at both a plus and minus 45-deg angle, can be seen in the upper 
right-hand corner in Fig. 4. (Section F-1 to J-2, inclusive, see 
Fig. 3.) A multitudinous number of fine lines of segregated 
graphite are also present in the upper center of Fig. 4. A good 
example of “isotherm” graphitization (graphite segregation at the 
extremity of a weld-heat-affected zone) is shown by the semi- 
circular pattern in the upper left of this figure. This condition 
was produced by the fillet-welding of a 1-in-sq bar to the pipe, ap- 
parently for mechanical reasons during the original erection of 
this piping. This in effect is the result of a “‘weld-bead” test 
similar to that devised and used by Battelle Memorial Institute, 
and others in 1943, as a simple test for determining the suscepti- 
bility of steel to graphitization. The bead test shown in 
this illustration, however, was given an aging treatment of 935 to 
950 F for approximately 65,000 hr (actual operating conditions), 
as contrasted with the artificial accelerated aging tests of 2000 to 
8000 hr or longer at 1000 to 1050 F. Also present in Fig. 4 are 
several lines of graphite adjacent and running into weld joint 4-1A. 

Lines of heavily segregated graphite running at both plus and 
minus 45-deg angles as well as a multitudinous number of the 
finer lines of graphite were found in section K1 to 02 inclusive 
(see Fig. 3). This is shown in Fig. 5. In addition to the fore- 
going, many other small speckled patches of localized graphite 
segregation of unknown origin are present in this figure. It is to 
be pointed out that lines of heavily segregated graphite are not 
present in the location of the trepanned plug (upper left, Fig. 5) 
which was removed in January, 1944. This plug was removed 
from the side of the pipe at the location 02-P1 shown in Fig. 3. 
Metallographic evidence, however, indicated that not only was 
heavily segregated slip-plane graphitization present at the time 
this plug was removed in 1944, but that this condition actually 
existed at the time the 12-in. spool was welded into the line in 
January, 1943. When sampling pipe for evidences of slip-plane 
graphitization therefore it cannot be overemphasized that the 
mere fact that such a condition is not detected in a test specimen 
does not mean that such a condition is nonexistent in the general 
vicinity of such a test specimen. 

The location of the weld-prober specimen, the macrographs of 
which are shown in Fig. 2, is shown in Fig. 6 (section P1 to T2, in- 
clusive), and it may be seen that it was coincidental that the loca- 
tion was so chosen that the heavily segregated slip-plane graphi- 
tization was intersected by the specimen removed. Had the 
specimen been removed anywhere between section Al and E2 
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this condition would have gone undetected, and this pipe might 
possibly still be in service. The longest length of slip-plane 
graphitization, shown in Fig. 6, was found to be 4.5 in. 

The inside pipe surface was machined to determine if the condi- 
tion described could be located on the inside pipe surface or if the 
graphite segregation found on the outside of the pipe had actually 
penetrated the entire pipe wall. The condition found on the 
inside pipe surface, although confined to sections F1 to M2, is 
believed to be even a more striking example of a graphitization 
pattern, the orientation of which 1s unquestionably the direct. re- 
sult of stress. 

Having observed the macroscopic appearance of both the in- 
side and outside pipe surface, Figs. 8, 9, and 10 illustrate the _ 
graphite pattern found through the pipe wall at sections I1 and 
S81. A roughly ground and unetched view of section I1 is shown 
in Fig. 8 at normal magnification. 

The same section as shown in Fig. 8 is shown in Fig. 9, after 
polishing and deep-etching in hot 50 per cent hydrochloric acid. 
This illustration which takes in a larger area than Fig. 8, is shown 
at two magnifications. 

Since many of the lines of graphite segregation appear to 
emanate from the weld, it first appears that these lines formed as 
a result of and after joint 4-1A was completed (January, 1943). 
On the contrary, however, close examination of this figure reveals 
that these lines have been partially eradicated along the heat- 
affected zone of the weld. Microscopic observations further sub- 
stantiate that re-solution of the graphite took place in the heat- 
affected zone as a result of the localized high temperature during 
the rewelding of this joint. This fact was subsequently sub- 
stantiated by G. V. Smith and S. H. Brambir, U.S. Steel Corpora- 
tion Research Laboratory (14). Furthermore, had the lines of 
graphite shown in Fig. 9 been initiated at the time of or subse- 
quent to the welding of joint 4-1A, the condition of stress which 
initiated the graphite pattern in the old pipe would have been 
transmitted through the weld into the 12-in. spool and it would 
therefore be expected that similar lines of graphite segregation 
would be present in the 12-in. spool which was installed at the 
time joint 4-1A was made, and which was of similar chemistry 
and deoxidation as the original pipe. 

Still another reason for believing that this condition was 
initiated prior to and present in 1943 is that the average graphite- 
nodule size of the grossly segregated slip-plane graphitization 
closely approaches the size of random graphite located in the 
many specimens of the orginally installed material previously 
examined microscopically. Although growth of isotherm graph- 
ite nodules have been followed in several welded joints exhibit- 
ing incipient graphitization in 1943, there have been no cases 
where the rate of nodule growth over a 2-year period would ap- 
proach that found in this case (assuming this condition to have 
developed after the original failure). 

The depth and direction of the graphite segregation through 
the pipe wall at section S1 is shown in Fig. 10. 


PuysicaL PROPERTIES 


Several bend and tensile tests were made on pipe sections, the 
locations of which are shown in Fig. 3. The results obtained are 
shown in Figs. 11 and 12 andin Table 1. These tests were made 
principally to confirm the authors’ belief that gross segregation of 
‘nodular’ graphite whether of the isotherm or slip-plane type is 
as effective as “chain” graphite in reducing the ductility of low- 
carbon or low-carbon-molybdenum steel. 

The bend test shown in Fig. 11 was removed from section T1 
(see Fig. 3). From the location of the fissures it may be noted 


that this specimen was cut from the upper portion of the quadrant 
shown in Fig. 6. Although the graphite segregation in this case 
has no direct relation to the heat-affected zone of a weld, it is to 
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TABLE 1 
Tensile Tests Removed From Graphitized Pipe 
Section Tensile strength, psi 
46050 


Fig. 11 Benp Test on Section T1, SHowrne Fissurtnc ALONG GRAPHITIZED SLIP 


PLANEs; X1 


Fic. 12 Sipe anp EpGe Views or TENSILE Bar, MACHINED From Section J2; X1'/2 
(Note that failure occurred along one of the planes.of graphite segregation.) 


be carefully noted that its ultimate effect on the ductility of 
the pipe is similar to that which has been found to occur at the 
“contact’’ zone of a welded joint. 

Both the side and edge view of a partially pulled tensile bar re- 
moved from section J2 is shown in Fig. 12. Planes of graphite 
may be observed to be “‘running”’ at both plus and minus 45 deg 
on the edge of the machined specimen. The edge view shown was 
adjacent to the inside pipe surface before removal of the specimen 
from the pipe. Numerous planes of graphite may be seen to 
extend from the ID toward the OD in the side view of this speci- 
men. Failure occurred abruptly along one of the graphite planes 
at a stress of 59,130 psi, followed immediately by a necking-down 
of the ductile portion of the specimen. 


Microscopic EXAMINATION 

Although macroscopically, slip-plane graphitization as shown 
in Figs. 4 to 12, inclusive, appears as a continuous crack, micro- 
scopically it appears as discontinuous large gray nodules. The 
relative size and spacing of these nodules determine the resultant 
ductility of the material. . 

One of the planes of segregated graphite which was intersected 
by weld 4-1A in January, 1943, is shown at a magnification of 100 
in Fig. 13. It may be seen that the nodules which were outside 
of the heat-affected zone of the weld remained unchanged, 
whereas those just within the heat-affected zone were partially 
put into solution. Those nodules which were in the immediate 
vicinity of the line of fusion may be seen to be completely dis- 
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13. INTERSECTION OF SLIP-PLANE GRAPHITIZATION 
Line oF Fusion or WELDED Joint 4-1A; X100 


solved by the heat from welding. The sudden solution of 
the graphite in the austenite, followed by the rapid rejection of the 
carbon (graphite) as a carbide phase, resulted in the formation of 
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Fig. 14 Partrat View or Fic. 13, ar HigHER MAGNIFICATION, 

SHOWING SrructuRAL or AREA IN WuicH GRAPHITE Was 

REDISSOLVED AND REPRECIPITATED AS A CARBIDE PHasE DuRING 
WELpDING; X600 


a localized band of steel of hypereutectoid composition. The 
carbide present in the darkened area in Fig. 13, which is probably 
in the range of 1 to 2 per cent carbon, can be seen in Fig. 14 to 
have partially regraphitized in the 2-year period following its 
inception. 

The fact that the graphite was put into solution by the heat 
from the rewelding of joint 4-1A in 1943, is believed to be ade- 
quate proof that the graphite was present some time prior to the 
welding of this joint. 

Further proof of this fact is offered in Figs. 15 to 17, inclusive. 
Slip-plane graphitization at a remote distance from the weld is 
shown at a magnification of 100 in Fig. 15. The size and detail 
of these segregated graphite nodules are shown in Fig. 16 at a 
magnification of 600. 

In following the rate of growth of graphite adjacent to welded 
joints under both actual operating conditions and in accelerated 
aging tests made in laboratory furnaces, the authors have never 
encountered a rate of growth of graphite over a 2-year period in 
low-carbon-molybdenum steel which would even approximate that 
shown in Figs. 15 and 16. 

This is beheved to be substantiated by the published work of 
Kerr and Eberle (3, 6); Smith, Miller, and Brambir (4, 11); 
Weisberg (5, 12); Hoyt and Williams (7); Van Duzer, McCutchan, 
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Fic. 16 Size anp or GRAPHITE NopuLEs SHOWN IN Fia. 15; 


and Rohrig (8, 9); as well as certain unpublished work 
on this subject by other investigators. In contrast to Figs. 15 
and 16, however, the rate of growth of graphite over a 2-year 
period in the contact zone adjacent to joint 4-2 is shown at a 
magnification of 600 in Fig. 17. This joint was also rewelded in 
January, 1943, and it is known that graphite did not exist ad- 
jacent to this joint at the time it was rewelded. 

Since such a vast difference in nodule size exists between Figs. 
16 and 17, it is concluded by the authors that the slip-plane 
graphitization was initiated prior to 1943, and that the many 
graphite planes which appear to emanate from the weld are co- 
incidental. 


DIscUSSION AND PROBABLE CAUSE OF SLIP-PLANE 
GRAPHITIZATION 


Owing to the over-all complexity of the graphitization problem 
as it is known to exist, an attempt has been made to correlate 
the existing facts with other published information. In so doing 
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Fic. 17 Growrn or GRAPHITE IN REGRAPHITIZED Joint No, 4-2 
AFTER 2 YEARS OF SERVICE; X600 


certain postulations could not be avoided in this discussion. 

The iron - iron carbide system, although extremely useful and of 
real importance to the ferrous metallurgist, has been recognized 
for many years as a metastable system; the iron-carbon system 
being the truly stable one. Hoyt and Williams recently stated, 
“In spite of the apparent stability of iron carbide in the common 
carbon steels, in which it is the active strengthening and harden- 
ing constituent, it has a definite, although usually slight tendency, 
to change to the more stable form of graphite’’ (7). 

A logical theory regarding the precipitation of carbon 
(graphite) in steam piping subjected to fluctuating temperatures 
was presented before this Society in 1944 by F. B. Foley (13). 
His theory was based upon the slope of the solubility curve of the 
alpha phase of the iron - iron carbide diagram together with 
the composition of the alpha phase (fernte) with respect to 
aluminum or silicon or both. 

It has been shown by Fink and Smith that in precipitation- 
hardening alloys of the duralumin type, precipitation of the 
CuAl, upon aging will always occur preferentially along slip 


605 


planes resulting from any plastic deformation, before general 
precipitation occurs (15). 

In this respect, it is to be pointed out that the solubility curve 
for the aluminum-rich solid solution in the aluminum-copper 
system is qualitatively the same as the solubility curve of the 
alpha phase in the iron - iron carbide system. 

Luders’ lines, or ‘stretcher strains’”’ have been stated by Win- 
lock and Leiter ‘‘to occur as a result of the uneven and non- 
uniform flow of metal at the yield point, caused by the sudden 
transition of different grains or groups of grain from the elastic to 
the plastic state.”” They further state, “Luders’ lines occur in the 
range of deformation corresponding to an elongation of 1.5 to 
10 per cent’’ (16). 

On the basis of the foregoing it is believed that slip-plane 
graphitization is initiated by localized yielding or plastic def- 
ormation along slip planes with the formation of Luders’ lines or 
stretcher strains. In the case under discussion major slippage 
occurred along planes of maximum shear stress. In Fig. 1 it is 
to be noted that the slip-plane graphitization is located along the 
pipe length just outside of the 30-deg bend. It is postulated 
that although this bend was made hot, a sufficient load was ap- 
plied in making the bend to produce a critical strain (1.5 to 10 
per cent elongation) in the cold pipe just outside of the hot-bent 
region. This bend was subsequently furnace-stress-relieved at 
1150 to 1200 F before installation. This temperature was ap- 
parently too low to remove the effects of previous strain, in fact 
it is suggested that the stress-relieving temperature may have 
initiated actual submicroscopic graphitization along the planes 
which received localized plastic deformation by virtue of the in- 
creased solubility of carbon in alpha iron at the stress-relieving 
temperature, followed by graphite precipitation upon cooling in 
accordance with the theory advanced by F. B. Foley. 

Just why graphite, or for that matter any precipitating phase 
should precipitate preferentially along planes which have been 
plastically deformed is not too clear, although it is-suggested by 
Smith and Brambir that it is due to a greater ease of nucleation 
of the precipitating phase in the plastically deformed regions (14). 

After nucleation of graphite once occurs, its continua] growth 
along either slip planes or isotherms appears quite logical. It is 
believed, however, that temperature fluctuations in a steam line 
will result in graphite precipitation only at those locations where 
a graphite nucleus or a strong graphite nucleating éffect is 
present. It is believed that temperature fluctuations will other- 
wise result only in the solution and reprecipitation of iron carbide. 
During this time, however, diffusion of the carbide from the 
carbide-rich areas toward the ferrite areas, which are low in 
carbon owing to the slow but continual precipitation of graphite 
at the graphite nuclei, is taking place. 

As the graphite nodules grow in size the surrounding ferrite 
becomes depleted of carbon. The ferrite around the graphite 
nodules can therefore only precipitate graphite upon each cooling 
cycle as fast as the carbon in the alpha iron (ferrite) can diffuse 
from the carbide-rich areas to the ferrite surrounding the graphite. 

Based upon the foregoing assumptions, the rate of graphite pre- 
cipitation for a given set of temperature conditions would ap- 
pear to depend upon the number of graphite nuclei present and 
the rate of diffusion of carbon in alpha iron. This is in general 
agreement with the postulation made by Smith and Miller who 
stated, “Conceivably, then, graphite in a limited region could 
bring about, in time, the substantial depletion of carbide within an 
entire specimen.” 

Contrary to the belief or implied belief by many that graphite 
forms directly from the carbide (Fe;C) phase due to the higher 
carbon content of this phase as compared to the alpha phase 
(ferrite), it is beheved by the authors that the mechanism by 
which graphite precipitation occurs is through the gradual solu- 
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tion of cementite in ferrite followed by the precipitation of 
graphite from the ferrite. 

As additional evidence that the slip-plane graphite shown in 
Figs. 4 to 7, inclusive, was nucleated along planes where localized 
plastic deformation had occurred, Fig. 18 is presented. This 
illustration was taken from the work of William Hovgaard (17), 
and was brought to the attention of the authors by Messrs. 
McCutchan and Crocker, of The Detroit Edison Company. Fig. 
18 shows a cold-bent 8-in. pipe which has a stress pattern identi- 
cal to the slip-plane graphitization pattern shown in Fig. 7. The 
pattern on the pipe in Fig. 18, however, is formed by Luders’ 
lines which resulted from localized plastic deformation during 
cold-bending, whereas the pattern shown in Fig. 7 is slip-plane 
graphitization which was nucleated and grew along Luders’ 
lines which also resulted from a crjtical amount of plastic de- 
formation during the original bending of this pipe. 

Assuming therefore that a material is susceptible to general 
graphitization, and the service temperature is adequate to ob- 
tain graphitization, it is suggested that slip-plane graphitization 
may be encountered in the following locations of critical strain: 


1 Entire bend if the bend was made cold without subsequent 
full heat-treatment. 

2 Cold ends of hot bends if not subjected to subsequent full 
heat-treatment. 


The latter postulation, however, has not as yet been verified, 
although two bends similar to that shown in Fig. 1 have since 
been removed for examination. 


New TxHeorRY SuGGESTED FOR NUCLEATION OF GRAPHITE AT 
Contact ZONE OF WELDED JOINTS 


It is believed that reasonably good evidence has been presented 
to show that localized yielding or plastic flow has a strong graph- 
ite nucleating effect. Once graphite nuclei have been formed 
it has been theorized that the graphite will grow through the 
solution of cementite (FesC) in ferrite, followed by graphite pre- 
cipitation from the ferrite. 

The mechanism of the growth of isotherm graphite formed at 
the extremity of the heat-affected zone of welds, is believed identi- 
cal to that of slip-plane graphitization. The condition or agent 
which causes graphite nucleation at the contact zone adjacent to 
welded joints, however, has not been too clear. It is now sug- 
gested that isotherm graphite is also nucleated by stress, although 
of a somewhat different nature. 

Whereas, slip-plane graphitization is believed to be nucleated 
by plastic flow from an externally applied load, isotherm graphiti- 
zation is believed to be nucleated by self-compensated stresses 
known as “‘tessellated stresses.”’ 

The work of Dr. F. Laszlo on tessellated stress was brought to 
the attention of the authors by C. H. Davy‘ (18, 19, 20, 21, 22). 

Although Dr. Laszlo approaches the subject of tessellated stress 
mathematically, the following extract which qualitatively defines 
the subject, is taken from his work: “Anisotropy of the single 
crystals of most materials and the difference between the 
bulk physical properties of the components of compound solids 
readily cause internal self-compensated stress systems to develop 
around such centers as crystals or components of the compound 
structure, respectively. These self-compensated stress systems 
are called tessellated stresses.” 

One of the first conclusions drawn, after the examination of 
the pipe failure at the Springdale Power Station, was that the 
failure occurred at the Widmanstatten grain boundaries at a dis- 
tance from the weld where the temperature from the welding was 


4 Chief Research Engineer, Babcock & Wilcox, Ltd. 
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just sufficient to cause grain-boundary transformation.’ It 
was also this location where grain-boundary graphite of the ‘‘chain” 
type was located and which was the basic reason for failure. 

Just outside of the heat-affected zone the metal structure con- 
sists of iron carbide or complex iron-molybdenum carbide, em- 
bedded 1n a matrix of alpha iron (ferrite) whereas, just within the 
heat-affected zone a portion of the alpha iron goes through a 
phase change to gamma iron, simultaneously absorbing the car- 
bide phase or as much of it as time will permit under the short 
heating cycle during welding. Rapid cooling of the heat-affected 
zone may result in the formation of minute amounts of marten- 
site. There is present in the transition zone (zone of isothermal- 
graphite formation), therefore, alpha iron which has a body- 
centered cubic lattice, iron carbide or complex iron-molybdenum 
carbide which has a complex lattice structure, austenite which has 
a face-centered cubic lattice, and martensite if formed, which 
goes through a transition structure of body-centered tetragonal 
and finally to a body-centered cubic lattice. 

Along the transition zone adjacent toa weld, therefore, numerous 
crystal structures, all of which have their own physical constants 
and which are surrounded by each other, exist at one time or 
another during the welding cycle. It is common knowledge that 
a considerable volume change occurs when alpha iron transforms 
to gamma iron (austenite) and that upon rapid cooling such as 
occurs in welding the metal does not go back to its exact original 
dimensions. 

It seems quite reasonable to believe therefore that a system of 
self-compensated stress is developed around crystals or grains at 
the transition zone between the heat-affected and unaffected 
parent metal adjacent to a weld, owing to the different physical 
constants and directional properties of the several different crys- 
tal structures which exist at this location during the welding 
operation. 

It is therefore postulated that graphite is nucleated in the 
contact zone adjacent to a welded joint by self-compensated 
stresses known as tessellated stresses. 


SUMMARY 


1 The term slip-plane graphitization has been chosen to 
describe a condition of graphite segregation which appears un- 
questionably to have occurred along slip planes where local 
yielding or localized plastic deformation had previously 
occurred. 

2 Slip-plane graphitization, unlike isotherm  graphitiza- 
tion which has been found to be reasonably uniform through the 
pipe wall and around the pipe circumference, varies markedly 
from OD to ID and from quadrant to quadrant around the pipe 
periphery. 

3 Slip plane like isotherm graphitization (if severe) is 
readily visible to the unaided eye after machining or rough- 
grinding. 

4 Gross segregation of “nodular” graphite, whether of the 
isotherm or slip-plane type, is as effective as chain graphite in 
reducing the ductility of low-carbon or low-carbon-molybdenum 
steel. 

5 Substantial evidence has been presented to show that 
plastic deformation is an excellent nucleating agent for graphite 
of the slip-plane type. 

6 The mechanism of graphite growth of either the isotherm or 
slip-plane type is believed to occur through the solution of the 
carbide phase in ferrite, followed by the precipitation of graphite 
from the ferrite. 

7 Having presented evidence to show that slip-plane graphiti- 
zation is nucleated by stress, the postulation is made that iso- 


‘ This is known as the lower critical temperature (Aci) which is 
approximately 1350 F for carbon-molybdenum steel. 


therm graphite is also nucleated by stress. In this case, however, 
a self-compensated stress system 1s believed to be set up, resulting 
from the difference in directional properties and physical con- 
stants of the several different crystal structures which exist in the 
transition zone adjacent to a welded joint at the time of welding. 
Self-compensated stresses of this nature are known as tes- 
sellated stresses. 
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Graphitization in Some Cast Steels 


By A. J. SMITH,’ J. B. URBAN,' AND J. W. BOLTON! 


Field service and controlled laboratory experiments have 
demonstrated that it is not possible to insure against 
graphitization of carbon-molybdenum steel through any 
of the controlled procedures of melting and deoxidation 
practice or heat-treatment. It is probable that freedom 
from graphitization is to be sought through the use of 
alloy additions which confer greater stability to the car- 
bide. A hypothesis has been put forth concerning the 
mode of graphitization based upon the observed graphiti- 
zation behavior of both plain-carbon and carbon-moly 
steels. Use has been made of this hypothesis to explain 
the resistance to graphitization of the nickel-chrome- 
moly steels. The experimental evidence would appear to 
indicate that the hypothesis is substantially correct. 


RAPHITIZATION characteristics of steels for steam 
( ga at elevated temperatures have been a subject of 

study by many workers since the original failure of a 
welded carbon-molybdenum steel pipe at the Springdale Station 
of the West Penn Power Company in January, 1943. Subsequent 
to that failure graphitization has been found in various classes of 
wrought and cast products, particularly in weld-affected zones, in 
the examination of piping systems made by the different power 
companies, 

Happily, the Springdale failure was not disastrous, and to our 
knowledge none of the other piping systems examined has shown 
equally extensive graphitization. Nevertheless, it is highly de- 
sirable to ascertain means whereby deterioration due to graphiti- 
zation can be avoided. At the same time it is necessary to pre- 
serve in graphitization-resistant material high mechanical proper- 
ties such as creep strength, soundness, good weldability, and over- 
all economy. 

For increasing efficiency in power-plant operation increase in 
operating temperature is among the promising approaches. In- 
crease to the present 900-950 F has been a development of the past 
decade. Even now plans are under way for 1000 F operating 
temperature, and the end of the upswing does not seem in sight. 
With longer experience acquired as to serviceability of materials 
at these temperatures, undesirable characteristics have been re- 
vealed which hitherto have been unsuspected. From this exper- 
ience some materials have been shown to be unsuitable for the ser- 
vice. Carbon steel which serves admirably at lower temperatures 
shows marked loss in mechanical properties at 800 F and is not re- 
commended. Carbon-molybdenum steel which has excellent me- 
chanical properties at 900 to 950 F now is revealed to possess un- 
fortunate graphitization characteristics, limiting its useful appli- 
cation to perhaps 850 F as top operating temperature where weld- 
ing is a consideration. 

In developing and prescribing steels for these higher tempera- 
tures, close attention must be paid toward avoiding failures that 
by chance might occur. All the factors that could contribute to 
deterioration and failure must be thoroughly investigated. This 
point is emphasized by occurence of the Springdale failure. 


! The Lunkenheimer Company, Cincinnati, Ohio. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Committee 
on Effect of Temperature on the Properties of Metals and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of 
Tue AMERICAN SocieTy OF MECHANICAL ENGINEERS. 
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The Springdale failure was unexpected. Prior to the failure but 
one instance of graphitization of low-carbon steel had been re- 
ported in the literature (1).2 Use of molybdenum in steels in high- 
temperature service led graphitization to be an unsuspected proba- 
bility since molybdenum is normally considered a relatively 
strong carbide former and as such likely to promote carbide per- 
sistence. There have been arguments for many years on the logic 
of a double iron-carbon constitutional diagram. Weight of the 
evidence indicates, however, that iron and graphite are the equi- 
librium forms, iron carbide or cementite being at best metastable. 
Since a vast amount of work was required for assuring suitable 
strength at temperature, possibility of graphitization and other 
types of structural degradation were neglected. 


Tue GRAPHITIZATION PROBLEM 


The problem of graphitization is complex. It would be quite 
impossible to study the problem in all of its various phases 
simultaneously, and it becomes necessary to isolate the various 
factors and study them individually before any attempt may be 
made at a comprehensive answer. The problem may be broken 
down into several subheads, among which are the following: 


Effects of steel-making practice. 

Effects of alloying and other elements. 

Effects of heat-treatment. 

Effects of fabricating practice. 

Effects of service operating conditions. 

Mode of graphitization. 

Repair of graphitized structures now in service. 


or 


Most of the product of the authors’ company is in the form of 
castings. Hence its work in general has been restricted to cast- 
ings. Certain phases of the foregoing outline have not been 
touched upon in this work and will be brought up only incidentally. 
In view of the extensive investigation being carried on by the joint 
E.E.I, - A.E.I.C. Subcommittee on Graphitization of Piping, no 
work has been done on possible methods of repair of graphitized 
structures. 

Effect of steel-casting-making practice has been studied here in 
respect to deoxidation practice. 

Fabricating practice, i.e., rolling, upsetting, welding, etc., has 
not been described in the present report although some work is 
described on graphitization of structures simulating weld struc- 
tures. 

In the work of the authors’ company, some 1300 specimens have 
been prepared and examined under various conditions of alloy, 
heat-treatment, and aging-treatment. In this report only those 
samples will be commented on which were productive of posi- 
tive evidence in these studies. The others represent duplicate 
tests for verification of original findings, tests on samples from 
other heats for the same purpose, cycling tests, etc. The samples 
chosen for illustration thus should be considered as representing 
generic classes of structures. The evidence presented for them has 
been fully corroborated. 


GRAPHITIZATION IN STEEL CasTINGS 


After the Springdale failure many piping systems were ex- 
amined by the various power companies chiefly by removal of bolt 
samples from the welded joints. An early discovery of graphiti- 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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zation in a valve casting led to replacement of the valve in the line 
so that complete and more leisurely examination could be made. 
The valve was used as a boiler stop valve at nominal operating 
temperature of 900 F and was in service a period of 44,137 hr, 1909 
of which were 950 F or above, 41/2 at 1000 F. 

The casting had been made in 1936 by the older melting prac- 
tice of “catching the heat coming down” with partial aluminum 
deoxidation in the ladle, the remainder in the stream on pouring 
the mold. Total aluminum added was 1.86 lb per ton. 

* Analyses were made at several locations. Analyses of inlet and 
outlet ends were as given in Table 1. 


TABLE 1 ANALYSES OF INLET AND OUTLET ENDS OF PIPE 


Inlet, Outlet, 
per cent per cent 
0.77 0.76 
Aluminum (as per cent Al... .. 0.012 0.010 
Free aluminum per cent Al........... 0.017 0.018 
Total aluminum per eent Al.......... 0.029 0.028 
* 
had 
~ 


Fic. 1 GrapHITE In WELD-AFFECTED ZONE OF CasTING GRAPHI- 
TIZED IN SERVICE; X500 


It will be seen that there is no significant difference except in 
graphite content between the two ends of the valve. Marked 
visible graphitization had taken place at the inlet end, none could 
be discovered microscopically in examining several segments of 
the outlet end. The original cast structure throughout was fine 
pearlite-ferrite. Graphite in the weld-affected zone was nodular 
and associated with the carbide areas as shown in Fig. 1. 

The wrought-pipe structure was coarse Widmanstiten-fer- 
rite, graphite being similar in amount, type, and distribution to the 
casting. Just as graphite was not found in the outlet end of 
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the casting neither was it found in the pipe welded thereto. Weld- 
ing conditions, in so far as they can be judged at this time and 
presumably as closely as they can be held commercially, were 
identical. 

Service conditions are suspect, yet graphitization was fully re- 
versed in a stop valve from another boiler just adjacent with both 
high-pressure lines leading to the same manifold. In this other 
case graphitization was found in the outlet but not in the inlet of 
both pipe and casting. Truly remarkable circumstances but 
illustrative of the point that graphitization is in some cases a “hair- 
trigger’’ proposition. 

Mechanical properties of the graphitized inlet end were investi- 
gated, with the finding that there was little impairment of tensile 
strength and appreciable impairment of elongation and impact. 
Actual properties were as follows: 


Yield strength, psi.......... 57000 
72000 
Reduction of area, percent .............. 54 
Charpy (check tests) ft-lb................ 7,9,6 


The tensile bar was made with axis normal to the weld interface, 
yet the break occurred in the weld metal, not in the graphitized 
zone. Vee notches in the Charpy bars were placed at the line of 
graphitization. (Impact value for the base metal of the casting 
was 18 ft-lb.) 

In bend tests made with the bend at the graphitized zone, 
samples withstood a bend of 90 deg without cracking. 

These values show that graphitization has by no means ap- 
proached the point where it can be considered dangerous, even 
though it is undesirable. A metal with 6-9 Charpy is hardly 
“brittle.” 


GRAPHITIZATION OF WELDED STRUCTURES 


Inasmuch as the Springdale failure was associated with a weld- 
affected structure, it became incumbent on investigators to include 
in their agenda of research, studies of this phase of the graphiti- 
zation problem. Previous extensive studies on welding by the 
authors’ company and others indicated that for an investigation 
of this type there are too many variables involved for proper 
assignment of causes of acceleration of graphitization. While nor- 
mal control of welding insures a commercialiy desirable result in 
most cases, absence of exact thermal and composition control 
leads more to speculation than to scientific fact in considering 
graphitization rates. 

It was evident from our examination and that of others of the 
Springdale failure that graphitization was most acute in metal 
which had been raised to the neighborhood of the lower critical 
temperature. In any work this, then, is a zone of interest. To 
simulate such structure under’ closely controlled conditions of 
temperature, yet free from such influences as composition, gas, 
slag, etc., present in welds, standard bars (7/,in. round X 6 in. long) 
were heated at one end in a bath at 1600 F, the other end at 600 F, 
and after holding at temperature 1 hr the bars were quenched. 
Hardness surveys were then made to determine the critical zones, 
whereupon the bars were placed in aging furnaces at 975 F, 
1025 F, and 1100 F. Graphitization was found to be most rapid 
at 1100 F, very slow at 975 F, hence 975 F was discontinued as an 
aging temperature. 

In steels prone to graphitization, graphite appeared first in the 
critical zone, subsequently appearing in the zone quenched from a 
higher temperature, and later in the zone quenched from a lower 
temperature. From this it would appear that welding, per se, is 
not responsible for the severe graphitization in the weld-affected 
zone, but that this condition is induced by heating the material to 
perhaps just above the critical followed by rapid cooling. To verify 
this point several samples were heated to various temperatures 
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TABLE 2 COMPOSITIONS AND MECHANICAL TEST PROPERTIES OF STEEL 
SAMPLES 

A B-S B-A C-8 C-A D E-S E-A F 

Carbon, per cent............ 0.30 0.28 0.28 0.21 0.20 0.27 0.26 0.23 0.25 
; Silicon, per cent............. 0.42 0. = 0.42 0.42 0.53 0.40 0.27 0.36 0.43 
: Manganese, per cent......... 0.65 0.7 0.70 0.75 0.74 0.64 0.61 0.59 0.70 
; Phosphorus, per cent........ 0.037 0. O34 0.031 0.036 0.034 0.027 0.024 0.020 0.025 
i +p hur, per cent........... 0.044 0.034 0.033 0.033 0.034 0.026 0.026 0.029 0.020 
olybdenum, per cent....... pats 0.57 O.56 O51 0.90 0.40 0.36 
4 ave 0.81 0.93 0.99 
i Aluminum ‘(total), gee cent .. 0.070 0.008 0.053 0.007 0.058 0.085 0.0030 0.024 0.063 
AlzOs, per cent.. 0.018 0.026 0.015 0.026 
Al in AlzOs, per ‘cent 0.012 0.010 0.010 0.014 0.0079 0.014 

Yield point, psi. ...... 48900 38100 44800 53200 53100 56400 75000 57000 71400 

Tensile strength, psi. ... 75800 69000 78100 79400 79000 81200 100700 88300 94400 

Elongation, per cent. ---- 2.9 223.6 27.2 27.8 29.5 84.4 18.8 24.1 21.0 

Reduction in area, per cent... 36.7 60.1 49.2 61.0 57.8 460 44.9 45.1 41.6 
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Fig. 2 GRaPHITIZATION IN CARBON-MOLY STEEL AFTER 500 Hr at 
1100 F 1n SAMPLE, QUENCHED F Rom 1390 F; 1000 


within this critical range. Graphitization was found to occur most 
rapidly in samples heated to 1390 F and water-quenched, appear- 
ing extensively as early as 500 hr at 1100 F. Time of heating these 
samples at 1390 F was 3hr. Graphitization as it appears is shown 
in Fig. 2. 

Welding and its effects on graphitization in piping systems are 
not to be set aside briefly. However, simple one-bead welds, or 
restriction to.a single set of welding conditions are likely to lead to 
unsound conclusions. Precise time-temperature conditions (at 
given locations) and other variables are neither known nor con- 
trollable in usual welding techniques. This means that welding 
studies, to be safely useful, must include many variations in weld- 
ing practices, hence must be voluminous in respect to experi- 
mental manipulations. Extensive investigation is under way to 
study its full bearing on the problem, the results of which it is 
hoped will be presented at an early date. 

If heating to a zone in the neighborhood of 1390 F (for carbon- 
molybdenum steels) is critical for promotion of graphitization, as 
is indicated by the foregoing experiments, and the time at this 


temperature is not too significant, as the experiments also suggest, 
then any method of differential heating (welding or other) will 
produce a zone critival for graphitization. This would call for 
viewing with caution any method designed to offset the effects of 
welded structures such as have been proposed, for example, aus- 
tenitic welding, postnormalizing, etc. Such procedures might 
serve merely to move the zone to a different location without cer- 
tain amelioration. 


Errgcts oF DEOXIDATION PRACTICE AND HEAT-TREATMENT ON 
GRAPHITIZATION TENDENCIES 


Certain studies were carried out to ascertain some of the effects 
of silicon and silicon-aluminum deoxidation and of various struc- 
tures and treatments on the graphitization tendency of carbon 
(A.S.T.M. A-216-WC-B), carbon-molybdenum (A.8.T.M. A-217- 
WC-1), and nickel-chrome-moly (A.S.T.M. A 217-WC-4) steels. 

Steels were made up according to regular commercial practice, 
i.e.,2'/.-ton charges in acid electric furnace. Practice includes ore 
addition and boil, followed by recarburization and furnace deoxi- 
dation by ferrosilicon, ferromanganese, and silicomanganese. 
Before pouring, tests of such metal lie quietly due to the “silicon 
deoxidation.”” (“‘Silicon-deoxidized” samples were taken at this 
period.) 

When the steel is poured into a large ladle, aluminum is plunged 
in, 2.4 lb per ton being used. Samples taken therefrom are re- 
ferred to as “‘silicon-aluminum-deoxidized.” 

All samples received a normalize after 5 hr at 1650 F, and were 
drawn for 5 hr at 1200 F, before subsequent experimentation. 

Compositions and room-temperature mechanical test properties 
of the steels referred to are given in Table 2 

Carbon Steel— WC-B (Heat A). Samples, silicon-aluminum- 
deoxidized, were heated 3 hr at 1550 F, and quenched into molten 
tin at 1300 F, at which temperature they were held for 30 sec, 
2 min, 20 min, 2 hr, and 5 hr, followed by water-quenching. A 
complete range of structures was developed, from nrartensite to 
lamellar pearlite. Substantial amounts of proeutectoid ferrite 
were evident in all samples. A comparison sample quenched 
directly into water from 1550 F, yielded a martensitic structure 
with small amounts of proeutectoid ferrite appearing only in the 
boundaries of the original dendrites. 

Aging 2000 hr at 1100 F produced full spheroidization, of about 
the same particle size, and graphitization, to about the same de- 
gree, in all samples. 

Carbon Steel—Heat B. This metal was divided into silicon-de- 
oxidized and silicon-aluminum-deoxidized portions. A series 
of isothermal quenching treatments was performed on samples of 
both coarse and fine austenitic grain size. Coarsening tempera- 
ture was 1900 F, followed by furnace-cooling to 1550 F, and 
quenching. Refining was carried out by heating to 1550 F, 
followed by direct quenching. Quenching was carried out in a 
controlled tin bath. 

Temperatures employed were those used in earlier work on car- 
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bon-molybdenum steel (4) and which gave the structures for 
carbon moly shown in Table 3. 


TABLE 3 CARBON-MOLYBDENUM STEEL STRUCTURES, 
HEAT B 


Transformation 
Structure (carbon moly) temperature, deg F 

II Coarse mixed pearlitic-acicular.......... 1000 
IV Conres martensitic... .... 500 
VI Fine mixed pearlitic-acicular............. 1000 


The acicular structure of the carbon-moly steels is not a mem- 
ber of the plain-carbon-steel series, hence was not developed in 
this experiment. Also it was not possible to develop a martensitic 
structure at 500 F in this carbon steel. However, since we are 
more concerned with comparative temperature levels in process- 
ing these materials than in the actual structures, it was thought 
desirable to retain the quenching-bath temperatures used earlier 
and on which fairly complete data were available. 


TABLE 4 CARBON-STEEL STRUCTURES 


Transformation 
Structure (carbon steel) temperature, deg F 
I 1200 
II Coarse mixed pearlitic-bainitic.......... 1000 
III Coaree upper 800 
IV Coarse lower 500 
VI Fine mixed pearlitic-bainitic............. 1000 


In the carbon steels Table 4 gives the structures approached. 
The structures shown in Figs. 3 to 6 respectively, are of the coarse 
series, and it may be seen that they do not correspond in all re- 
spects to the type description. This is because of the difficulty 
of securing a homogeneous austenite in cast materials. Because of 
these inhomogeneities there was marked separation of proeutec- 
toid ferrite similar to that developed in conventional heat-treat- 
ment of castings. This alters the effective carbon concentration 
in the carbide areas and affects the time of reaction at a given 
temperature. 

All of the silicon-aluminum-deoxidized samples graphitized 
within 1000 hr at 1100 F. Graphitization was most general in the 
type VIII sample (fine lower bainite). Size of graphite particles 
was about the same in all samples. 

Of the silicon-deoxidized samples the following graphitized at 
1100 F within the time indicated: 


I Coaree pearlitic................. 2000 hr 
VIL Fine upper bainitic.............. 4000 hr 


The following were resistant for the duration of the test, 6000 
hr: 
II Coarse mixed pearlitic bainitic 
III Coarse upper bainitic 
IV_ Coarse lower bainitic 
VI Fine mixed pearlitic-bainitic 
Fine lower bainitic 


The foregoing suggests that fine and uniform distribution of 
carbide may lessen initial graphitization tendency. Since such 
distribution indicates less steep carbon-concentration gradients, 
such influence might be expected, at least in initiation of the re- 
action. However, once action is started, a more general nuclea- 
tion might well cause more general graphitization. 

In case of this carbon steel, silicon-aluminum deoxidation favors 
graphitization, but the absence of aluminum does not always pre- 
vent it. 

The two deoxidation practices influence hardenability, silicon 
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Fig. 4 Coarse Mrxep Pear.itic Barnitic CARBON STEEL; 500 


deoxidation tending toward coarser grain and deeper hardening. 
Since bainitic structure in silicon deoxidized graphitized, the 
effects of differences in hardenability characteristics (as influenc- 
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Fic. 5 Coarse Upper Batnitic CARBON STEEL; X500 


Fic.6 Coarse Lower Barnitic CARBON STEEL; 500 


ing graphitization) may be somewhat discounted. However, a 
number of these points require more extensive study before firm 
generalities can be safely made. Subject to this qualification, the 
experimental work on carbon steel (WC-B) suggests the following: 
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(a) Silicon kill retards graphitization tendency, but does not 
safely prevent it. 

(6) Carbon-concentration gradients appear to promote the 
earlier formation of graphite. 

(c) Greater carbon homogeneity may promote more general 
graphitization, once the reaction is initiated. 

(d) Coarser austenitic grain and deeper hardening character- 
istics tend toward greater resistance, but may not assureit. (This 
might well be independent of agencies promoting such structure.) 


Conventional normalize and anneal, under production condi- 
tions permitted graphitization in both silicon and _silicon- 
aluminum-deoxidized conditions. Silicon-aluminum deoxidized 
graphitized in less than 4000 hr; silicon deoxidized in 6000 hr. 

Principal structures aged at 1100 F were aged in duplicate at 
1025 F. Of the silicon-aluminum deoxidized all had graphitized 
at 1000 hr, with the exception of the mixed pearlitic-bainitic, 
again showing the resistance of this structure to graphitization. 
Otherwise little difference was to be noted from 1100 F aging. 

Carbon Moly (W'C-1) Steel (Heat C). This material was divided 
into silicon-deoxidized and silicon-aluminum-deoxidized portions, 
Samples were put into the following structural conditions, and 
graphitization time as it appeared in the silicon-aluminum deoxi- 
dized samples which developed graphite within 6000 hr is as 
given in Table 5. 


TABLE 5 CARBON-MOLYBDENUM STRUCTURES; HEAT C 


Structure (carbon moly) Graphitization 
Course-pearlitic-acicular............... None 
None 
Fine pearlitic-acicular................. None 
None 
None 


In these structures there was considerable separation of pro- 
eutectoid ferrite leaving the carbides as islands in a ferritic ground 
mass. This appears to be the common pattern developed in car- 
bon-moly steels. In looking for graphitization such structures 
are suspect. On the other hand, the structure description de- 
scribes the state of aggregation of the carbide to much better de- 
gree than was found for the carbon steels. 

No graphitization was found in the corresponding silicon-deoxi- 
dized samples, within 6000 hr. 

The grain size for the silicon-deoxidized portion was 2-3 with 
normal McQuaid-Ehn as shown in Fig. 7. 

In heat D, silicon-aluminum, killed, similar samples all graphi- 
tized within 6000 hr or less. Grain size and normality were 
similar for both silicon-aluminum-killed heats, i.e., 6-7 and 
markedly abnormal McQuaid-Ehn, Fig. 8. 

Production heat-treatment of normalize from 1650 F yielded 
graphitization within 2000 hr in the silicon-aluminum-deoxidized, 
none within 6000 hr in the silicon-deoxidized. However, graphiti- 
zation was found in 6000 hr in a silicon-deoxidized sample held 
5 hr at 1650 F, and furnace-cooled as shown in Fig. 9. The sample 
illustrated is the only one that has been developed experimentally 
in our work showing an approach to chain graphite. All others 
have been nodular. The correspondingly treated silicon-alu- 
minum-deoxidized sample showed nodular graphite. 

The results on carbon moly (WC-1) indicate that silicon deoxi- 
dation resulting in coarse-grain normal McQuaid-Ehn structures 
retards graphitization, but does not always prevent it, as was 
established also in case of carbon (WC-B) steel. It is apparent 
that as compared with carbon steel the molybdenum content of 
WC-1 increases carbide persistence. 

In another experiment on a silicon-aluminum-deoxidized 
sample, heat C was held 5 hr at 1650 F and furnace-cooled, then 
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Fie. 7 McQvuatp-Eun Case Heat C Siticon 
.X500 
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Fig. 8 McQuaip-Exun Case Heat C De- 
OXIDIZED; 500 
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Fig. 9 GRAPHITIZATION IN Si1Licon-Deoxipizep, Heat C; X500 


alrawn for 10 hr at 1300 F; graphitization being produced within 
4000 hr at exposure to both 1025 and 1100 F. 

This treatment was employed to determine the effectiveness of 
high-temperature annealing in order to stabilize the carbides in 
somewhat different form as suggested by Smith and Miller (5). 

Consideration of these and other studies, and of the published 
literature and field data, indicates that carbide persistence is in- 


fluenced by many variables; some whose general influence seems 
clear, others which must be better known and evaluated before 
conclusions can be drawn. 

Since strength at temperature is fully as important as structural 
stability, creep tests were run at 950 F on samples from heat D, 
heated for prolonged periods at the suggested stabilizing tempera- 
ture, i.e., 110 hr at 1320 F, after normalizing from heating at 
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1550 F in one case and from heating at 2200 F, followed by fur- 
nace-cooling to 1550 F in another to yield both fine- and coarse- 
grained structures in a highly spheroidized condition. The result- 
ing creep curves are shown in Fig. 10. Tests were carried out for a 
period of 2400 hr under loads of 12,000 psi. In both cases graphi- 
tization was found after test. The test temperature of 950 F 
was the lowest at which graphitization has been produced in this 
laboratory. At least in this steel, treatment at 1320 F has not 
insured against graphitization. Structures of the samples before 
and after test are shown in Figs. 11 to 14, inclusive. 
Nickel-Chrome Moly (WC-4) Steel. Samples of silicon-deoxi- 


5 “Coarsened”’ means coarsened austenitic grain size. This treat- 
ment results in greater carbon homogeneity. Thus the resulting 
transformation product aggregations (Figs. 11 to 14, inclusive) give 
appearance of finer ‘‘grain’’in the coarsened sample photomicrographs. 
There isnoanomaly. The reader is cautioned not to confuse ‘‘pearl- 
itic’’ grain-size appearance with austenitic grain which is not shown. 
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Fic. 11 Coarsenep WC-1 Brerore CREEP; 500 


Creep Curves ror Cast CMO STEEL 


dized and silicon-aluminum-deoxidized metal, heat E, were pre- 
pared. Each series was placed in the eight structural conditions 
listed for carbon moly (WC-1) given previously. After exposures 
to a maximum of 6000 hr at 1100 F, no graphizavion appeared in 
any sample. 

In another series of experiments on a silicon-aluminum-deoxi- 
dized heat, heat F, with samples placed in the same structural con- 
dition, no graphite was found after 7976 hr at 1100 F. Duplicate 
experiments at 1025 F also failed to reveal any evidence of graph- 
ite development. 

As in the carbon-moly steels, creep tests on nickel-chrome-moly 
steel were carried out with identical prior heat-treatment includ- 
ing commercial normalize and draw conditions. No graphitiza- 
tion was found in the bars after test. Structures before and after 
testing were as shown in Figs. 15 to‘18, inclusive. 

It will be noted that a number of the structural and deoxidation 
conditions in which WC-4 was placed correspond to those in which 
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Rerinep WC-1 Berore Creep; 500 
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15 Coarsenep WC-4 Brerore Creep; 500 Fic. 16 Rerinep WC-4 Berore Creep; 
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Fie. 17 CoarseneD WC-4 Arter CrEEP; X500 Fie. 18 Rerinep WC-4 Arrer CrEEP; 500 
( 


Fie. 19 Pipe Removed FROM SERVICE AND GIVEN CycLING TREATMENT; 500 


rapid graphitization was found in carbon-moly (WC-1) steel. 
Work on WC-4 was confirmed by study of several heats. (Dif- 
ferential quench samples also showed no graphitization.) 


or GRAPHITIZATION 


Emerson (6) has distinguished between two types of graphite 
formation, “nodular” and “chain.” Our study suggests the de- 


sirability of including a third type, ‘‘flake,” a formation shown in 
Fig. 19. Graphite formations and groupings in reality are in three 
dimensions, not two, as they appear in a photomicrograph. This 
must be borne in mind in any attempt to evaluate apparent orien- 
tations in respect to their evolution and effects. 

Emerson (6) has illustrated the chain formation in such a way 
as to leave little doubt as to its distribution and possible conse- 
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Fig. 20 Castine As REMOVED FROM SERVICE; 


quence. A flake may be but a progressive development of a chain 
although our studies suggest otherwise. 

For the purpose of identifying graphite, polarized light has been 
very useful. Graphite crystallizes in the hexagonal system and 
shows extreme pleochroism and birefringence in polished section 
(7). Using a first-order red compensator plate, the change from 
red to green with stage rotation is striking and distinctive. This 
and other characteristics of graphite have been observed before in 
this laboratory in the course of its studies on castiron. Hence the 
tool fits very nicely into investigations of graphitization in steel. 

The color change at extinction for a particular crystal depends, 
among other factors, on its orientation with respect to the plane 
of polarization of the light. Differently oriented anisotropic 
crystals will show extinction at different angles of stage rotation. 
Nodular graphite shows a mottling of red and green with a first- 
order red compensator. This indicates that it is formed of many 
small crystallites of various orientations. However, in many 
of the graphite formations described as flake, uniform extinction of 
the whole flake was shown at the same angle. This was evident 
in the flakes shown in Fig. 19. This suggests that the formation 
is of uniform crystal orientation and is of the character of a single 
crystal, bearing close similarity to the flakes found in cast iron. 
The massive portion attached to one of the flakes of Fig. 19 shows 
the mottled effect and is definitely polycrystalline. This sample 
was from a segment of pipe removed from service and given a 
cycling treatment for 800 hr between 950 F and 1100 F. Fig. 20 
is from a sample taken from a casting as removed from service. 
It also shows the single crystal or flake behavior. 

Were these flakes built up from a chain it is improbable that 
there would be crystallographic uniformity along the whole chain. 
The Widmanstitten relationship which exists between matching 
planes of precipitate and matrix can be met in several different 
ways with respect to the plane of polish, so there is no requirement 
that all graphite particles separating from a single ferrite grain 
should have the same orientation with respect to the plane 
of polish even though the growth mechanisms are identical. 
Thus a plate of graphite built up from a series of particles origi- 
nally in chain form would be expected to be broken up crystal- 
lographically into a number of segments which would be clearly 
revealed by examination in polarized light. 
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There is one point of similarity between flake and chain forma- 
tion which seems significant in attempting to explain the mode of 
graphitization. As shown in Figs. 19 and 20, in Emerson’s illus- 
trations of chain formation (6), and also in certain of the illustra- 
tions of Weisberg (8) and Kerr and Eberle (9), graphite in these 
instances is located in the ferrite grain boundaries. Nodular 
graphite usually is associated with the carbide areas. While chain 
and flake graphite may be attached to carbide areas, perhaps at 
other locations than the plane of polish, the formations extend out. 
into regions of primary ferrite. 

The general mechanism of graphite formation involves two 
steps, i.e, formation of a nucleus or initial graphite particle, and 
growth of the particle by diffusion of carbon to it. 

The first step necessitates a local concentration of carbon to- 
gether with some nuclear influence. The nuclear influence may be 
developed in many ways, submicroscopic impurities or other dis- 
continuities probably playing a major role. A grosser sort is illus- 
trated in Fig. 14 where a graphite flake is seen radiating from a 
manganese-sulphide inclusion. The second step requires diffusion 
of carbon toward the first formed particles from carbides or from 
other graphite particles less capable of sustained growth. As the 
region about the growing particle becomes depleted in carbon, 
migration through the ferrite oc¢urs. Ferrite dissolves a certain 
amount of carbon (varying with temperature) and local depletion 
in one area results in carbon diffusion from another, thus main- 
taining a statistical balance. The diffusion distance is extreme in 
some cases as in the chain or flake graphite lying at some distance 
from the carbide “reservoirs.” 

Thus there are two approaches in the problem of preventing 
deterioration: Promotion of relative carbide stability; and the 
lessening of the possibility of diffusion of carbon through ferrite.‘ 

Other factors being equal, tendency toward graphitization in 
the iron-carbon series increases with increasing carbon content. 
Hypereutectic cast irons (with primary cementite) graphitize 
in the freezing range with the formation of kish or free graphite in 
the partly liquid metal. The gray irons graphitize rapidly in the 


‘ “Stability,” as used in this paper implies resistance to breakdown 
over a normally expected service life. It is not possible to say that 


any carbide is stable in the true equilibrium sense. However, the 
term is descriptive when used in its practical sense. 
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interval between the eutectic and eutectoid temperatures. This 
graphitization may continue even below the eutectoid under 
slow-cooling conditions or in the presence of sufficient silicon. 

In the case of malleable iron, the composition is so chosen that 
there is no graphitic carbon as cast. Subsequent treatment is such 
that the cementite is graphitized both above and below the 
eutectoid-transformation range. The mechanism of carbon dif- 
fusion through the ferrite toward graphite particles is perhaps 
most vividly shown by the formation of ‘‘bull’s eyes,’”’ graphite 
particles surrounded with ferrite in a general pearlitic matrix. 

Graphitie steel is a product of commerce. Austin’s work (10) 
shows how readily high-carbon steel can be graphitized in quite 
a short time. 

In normal carbide areas the concentration of carbon is high, 
well above that of the average for the whole sample. As more and 
more proeutectoid ferrite is present in a given analysis, it is readily 
seen that the carbon concentration in the carbide areas becomes 
much greater, ultimately approaching the eutectoid composition. 
With such concentration gradients a graphitizable steel will 
usually graphitize most readily regardless of state of aggregation 
of carbide. Thus steels with large areas of free ferrite are more 
suspect for serious graphitization than steels of a more homoge- 
neous character even though the more homogeneous steels may 
ultimately graphitize. 

The problem of stabilizing the carbide and preventing diffusion 
in ferrite is complex but its solution is necessary for insuring 
against service failures due to graphitization. All of the carbide 
formers have a solubility in ferrite and under proper circum- 
stances may dissolve even when carbon is present, e.g., in the 
presence of a stronger carbide former. Ii a straight molybdenum 
steel the molybdenum undoubtedly is associated in large mea- 
sure with the carbide. Hence with little distortion of the fer- 
rite lattice, the interstitially dissolved carbon is able to diffuse at 
will. The binding forces of the molybdenum are evidently satis- 
fied fully as well in an iron-molybdenum carbide as in a straight 
molybdenum carbide with the result that carbon can be given up 
by the molybdenum to be subsequently precipitated as graphite by 
the ferrite without too greatly altering the state of free energy of 
the system. 

Although good creep properties have been shown for carbon- 
free iron-molybdenum alloys (11) in the normal steels, molyb- 
denum is depended upon for conferring strength at elevated tem- 
peratures in the formation and distribution of a stable and resist- 
ant carbide. Yet it is known that certain amounts are dissolved 
in the ferrite. In a higher-carbon steel, 0.70 carbon, Bowman, 
Parke, and Herzig (12) have shuwn the amount in the ferrite to be 
of fairly low order, possibly less than 20 per cent of the total. 
Partition data on steels such as described in this report, are not 
available. It may be reasoned, however, that the partition co- 
efficient would be changed with composition and with lower car- 
bons more molybdenum would dissolve in the ferrite. Carbon- 
molybdenum steel castings for ET service contain some 30 to 50 
per cent more carbon than carbon-moly piping, and hypotheti- 
cally, the partitionment of molybdenum in ferrite in the piping 
would be greater than in the castings. Yet the piping materials 
graphitized perhaps more readily than the castings, at least such 
appears to be the case from the service record. This suggests that 
increasing molybdenum dissolved in ferrite would not bring about 
assurance of freedom from graphitization. , 

Creep properties at elevated temperatures are markedly altered 
by carbide pattern and distribution. Hence it would appear that 
the superior creep properties of molybdenum-bearing steels are de- 
pendent in large part upon the molybdenum or iron-molybdenum 
carbide and are not to be sought in steels alloyed with stronger car- 
bide formers in which the molybdenum would be forced to 
much greater extent into the ferrite, leaving the new alloying 
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element, such as vanadium or titanium, to form the principal car- 
bides. Such steels have not been shown to possess superior ele- 
vated-temperature properties in the absence of molybdenum and 
improve molybdenum steels to but minor extent. Thus such 
carbides cannot be looked on as a source of strength at such tem- 
peratures. 

To protect against graphitization by use of alloys it appears 
that greater success might be achieved by use of weaker carbide 
formers than molybdenum or by noncarbide formers, which would 
dissolve in the ferrite and force more molybdenum into the car- 
bide. By distortion of the iron lattice with dissolved elements, 
diffusion is interfered with and at the same time the ferrite is 
strengthened. The molybdenum being forced further into the 
carbide should confer additional elevated temperature strength to 
the carbide. Copper, cobalt, and nickel do not form carbides and 
might be found to perform this particular function. Chromium 
would show similar behavior since, although a carbide former, it 
is weaker in this respect than molybdenum. It is probable that 
combinations of these would be of more effect than when used 
singly, in accordance with general knowledge of the behavior of 
alloying elements. 

The foregoing reasoning is hypothetical. Partition data are not 
as yet available by which the hypothesis can be fully evaluated. 
However, behavior of steels of the type of WC-4, nickel-chrome- 
moly lends substantiation to its correctness. This steel could not 
be graphitized under any set of conditions in the laboratory and 
has not graphitized in service. 

Furthermore, it has creep properties superior to carbon-moly 
steel as is indicated by the various creep studies. Creep tests 
with various comparable structures confirm this. (They are nota 
part of this report since they in themselves have little bearing on 
the graphitization problem.) The nickel may play an important 
part in this stabilization or it may be looked upon more as a safety 
measure since, not being a carbide former, it opposes ferrite solu- 
tion of the other elements but would not in itself be partitioned. 
The finding by Smith, Miller, and Tarr (13) that a molybdenum 
steel containing 0.17 chromium was readily graphitizable and by 
Hoyt (14) that a 0.50 chromium steel could be graphitized leads 
to some question whether steels containing this chromium alone 
(as has been proposed) would provide complete assurance against 
graphitization. It remains for subsequent work to demonstrate 
conclusively whether or not such additions can be relied on for 
this purpose, over a wide range of manufacturing, fabrication, and 
operating conditions. 


Discussion OF RESULTS oF STUDIES 


While the Springdale failure was disconcerting, possibilities of 
graphitization probably should not have been unexpected. In the 
high-carbon steels the problem had been studied rather exten- 
sively, especially by Austin and co-workers. A failure in straight 
low-carbon steel also had been observed under quite similar cir- 
cumstances. 

In detection of early stages of graphitization the most useful 
tool is the microscope. To observe graphite in a polished section 
a special technique is involved for its retention in the section, the 
graphite being readily removed in the the normal polishing opera- 
tion. Undoubtedly, were graphite present it would have been 
preserved with inclusion polishing. However, inclusions almost 
invariably are studied before extended heat-treatment rather than 
after. This probably accounts for graphite not being detected 
even in creep samples until its presence was suspected. 

The major question that arises is whether or not any carbide is 
stable under all conditions of temperature and pressure. It is en- 
tirely possible that none is, ultimately; yet certain carbides may 
prove sufficiently persistent to endure for the expected service life 
of the parts without undue deterioration, 
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It is not known what conditions are required for carbide sta- 
bility. Molybdenum is normally considered a strong carbide 
former yet failure took place in a molybdenum-bearing stecl. 
Chromium is less strong as a carbide former than molybdenum 
yet a nickel-chrome-moly steel proved quite resistant to graphiti- 
zation experimentally and evidence from field service supports 
the laboratory findings. Results of others suggest that sufficient 
percentages of chromium likewise might be proved effective. Tue 
hypothesis has been advanced in the present paper that ferrite 
plays an active part at least in chain or flake graphitization. It 
must play a part in nodular graphitization also. If this hypothe- 
sis is correct, then an explanation of the stability of the nickel- 
chrome-moly steel may be found in the fact that the nickel is dis- 
solved in the ferrite, and, with a stronger carbide former, molyb- 
denum, being present than the chromium, the chromium likewise 
is largely dissolved in the ferrite, resulting in the conferring of 
stability to the ferrite against carbon rejection in the form 
of graphite. 

It is believed that if a steel initially is seriously unstable from 
its composition, no amount of ‘‘doctoring”’ will insure sufficient 
stability for prolonged service. Thus production of a straight 
carbon-moly steel of coarse grain size and normal McQuaid-Ehn 
structure is not sufficient to prevent graphitization over normal 
service periods although the graphitization rate may be very 
considerably slower or its initiation require more unfavorable 
fabricating and operating conditions. A desirable initial structure 
likewise may retard but will not insure against graphitization. 
This has been shown not only for different distribution of consti- 
tuents but also for their constitution, as, contrary to the sugges- 
tion of some workers, steels annealed at temperatures which 
would promote formation of a presumably more stable molybde- 
num carbide subsequently graphitized at lower temperatures. 

It appears also that little is to be safely hoped for by modifica- 
tion of weld practice short of normalizing the whole assembly 
before installation since any type of localized heating will result in 
some zone being heated into the temperature range critical for 
graphitization. 

Thus far, critical field graphitization has been found adjacent to 
welds. In many instances, however, noncritical graphitization has 
been found elsewhere in piping and castings. In no case that 
has come to the authors’ attention has graphitization proceeded as 
far as at Springdale. Thus it is perhaps fortuitous that critical 
graphitization has not been found in regions not associated with 
welds. The recent finding at Springdale of graphite precipitated 
on slip planes well removed from a weld leads to suspicion that 
finding of such critical graphitization may be made in the not too 
remote future. 

The use of alloys for stabilization appears to offer the most 
promising hope against such a condition. As indicated, it may be 
as fully necessary to stabilize the ferrite as to stabilize the carbide. 
Both laboratory and field experience appear to indicate that a 
steel conforming to A.S.T.M. A-217-WC-4 is an approach in this 
direction. 


SuMMARY 


From many samples studied both from field service and con- 
trolled laboratory experiment it has not been shown possible to 
insure against graphitization of carbon-molybdenum steel through 
any of the controlled procedures of melting and deoxidation prac- 
tice or heat-treatment. The evidence would appear to indicate 
that freedom from graphitization is to be sought through the use 
of alloy additions which confer greater stability to the carbide. 
Cases cited in the literature of graphitization of low-alloy chrome- 
molybdenum steel at conventional service temperatures lead to 
little assurance of freedom from graphitization over the normal 
service life by the use of such low chromium additions to the moly 
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steels alone. Critical percentage ranges, if existent, should be re- 
vealed by co-operative work being undertaken by various agencies. 
Extensive experimental data lead to such assurance for the nickel- 
chrome-moly steels within the present specification range of 
A.S.T.M. A-217-WC-4. Experiments with carbon-moly steel 
have been duplicated for the most part with nickel-chrome-moly 
steel with special reference to those conditions which are critical 
for carbon-moly steel, silicon-aluminum kill resulting in a highly 
abnormal steel structure. In no case has graphitization been 
found in the nickel-chrome-moly steel. 

A hypothesis has been put forth concerning the mode of graphi- 
tization based on the observed graphitization behavior of both 
plain-carbon and carbon-moly steels. Use has been made of this 
hypothesis to explain the resistance to graphitization of the nickel- 
chrome-moly steels. The experimental evidence would appear to 
indicate that the hypothesis is substantially correct. 
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Discussion 


F. Eserze.® One of the most important facts developed in 
this paper is the experimental evidence of the fundamental insta- 
bility and, incidentally, also of the relatively great stability of 
straight silicon-killed McQuaid-Ehn coarse-grained and normal 
carbon-molybdenum steels. At 975 F, which may be considered 
as an upper temperature limit for the use of this steel in steam- 
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plant operation, the authors found the rate of graphitization to be 
very slow and therefore they conducted most of their experi- 
ments at 1100 F. Even at this extreme and impractical tempera- 
ture only one out of the described ten test samples of straight 
silicon-killed carbon-molybdenum steel produced graphite within 
6000 hr. The sample which did graphitize had been in the 1650 F- 
furnace-cooled condition in which the steel is most susceptible to 
graphitization. 

As a further illustration of the fundamental instability and the 
relatively great stability of McQuaid-Ehn normal carbon-molyb- 
denum steel, we present the following results of tests and exam- 
inations conducted in the laboratory of the writer’s company: 

Case 1. A creep-rupture specimen containing a 1200 F, stress- 
relieved, standard, multiple-pass are weld in the center of the gage 
length was found free of graphite after 11,400 hr at 950 F under 
20,000 psi which is 2'/, times the allowable working stress. The 
steel was silicon-aluminum-deoxidized (0.75 lb. of aluminum per 
ton) and was MeQuaid-Ehn normal- and medium-grained (grain 
size No. 6). Prior to the welding the steel had been normalized at 
1650 F, 


Case 2 


2. A creep-test specimen made of 1650 F normalized un- 
welded silicon-aluminum-killed carbon-molybdenum steel (0.5 Ib. 
of aluminum per ton) also was found free of graphite after 8380 
hr at 950 F under 10,000 psi which is 1'/, times the permissible 
working stress. This steel, too, was McQuaid-Ehn normal- and 
medium-grained (grain size No. 4-5 with some No. 6). 

Case 3. A creep-test specimen made of the same material as 
previously described (case 2), but containing a standard multiple- 
pass are weld, stress-relieved at 1200 F, in the center of the gage 
length, was found to contain a very few tiny graphite nodules in 
the low-temperature end of the weld-affected metal after 8380 hr 
at 950 F under 10,000 psi which again is 1'/, times the allowable 
working stress. These graphite nodules were so small that they 
could be recognized only at very high magnification and then 
identification was not absolutely assured (see Fig. 21 of this dis- 
cussion), 


Case 4. Another creep-test specimen, again made of the same 


material as used for the last described two samples, but containing 
repeatedly arc-welded and unstress-relieved shoulder pads at the 
ends of the gage length, was found totally free of graphite after 
7002 hr at 950F under 10,000 psi which is 1'/, times the per- 
missible working stress. 

Case 5. A creep-test specimen made of straight silicon-killed 
McQuaid-Ehn normal- and coarse-grained carbon-molybdenum 
steel (grain size Nos. 2-4) in the 1650 F annealed (slow-furnace- 
cooled) condition and containing a standard multiple-pass are 
weld, stress-relieved at 1200 F, in the center of the gage length, 
was found free of graphite after 5800 hr at 1000 F under 10,000 
psi which is twice the working stress permitted by the Boiler Code. 

Case 6. An identical creep-test specimen as just described,.but 
with an unstress-relieved weld in the center of the gage length, was 
found to contain scattered medium-sized graphite nodules in both 
the weld-affected and weld-unaffected metal after 13,420 hr at 
1000 F under 10,000 psi, which again is twice the allowable work- 
ing stress, Fig. 22 (a and b). 

Case *. Another creep-test specimen of the same annealed 
straight silicon-killed carbon-molybdenum steel as_ previously 
described (cases 5 and 6) and again containing a 1200 F stress-re- 
lieved standard multiple-pass are weld in the center of the gage 
length, also displayed scattered medium-sized graphite nodules in 
both the weld-affected and weld-unaffected metal after 13,440 hr 
at 1000 F under 10,000 psi. Number and size of the graphite 
nodules were not markedly different from those in the unstress- 
relieved weld specimen of case 6, Fig. 23 (a and 6). 

Case 8. An unwelded section of a refinery tube of straight sili- 
con-killed McQuaid-Ehn normal and coarse-grained carbon- 
molybdenum steel was found free of graphite after 39,420 hr ser- 
vice at 1050 F under 2140 psi. The steel of this tube contained 
also 0.61 per cent nickel. 

Case 9. Another straight silicon-killed carbon-molybdenum 
steel refinery tube, containing 0.45 per cent nickel, likewise was 
found free of graphite after 30,660 hr of service at 1050 F te 1070 F 
under 2080 psi. 

Case 10. A third, straight silicon-killed, carbon-molybdenum 
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Fie. 22.) Creep-Test SPECIMEN Case 6. 


(a) Low-temperature end of weld- (b) Weld-unaffected 
affected zone; X500 metal; 500 


Fic. 23 Creep-Trest Specimen Case 7 


steel refinery tube with 0.48 per cent nickel also was found free 
of graphite after 30,660 hr of service at temperatures of 1080 to 
1100 F under 1860 psi. 

These-examples permit some interesting deductions. A study 
of cases 1 and 3 shows that susceptibility to graphitization is not a 
direct function of the amount of aluminum added in deoxidization 
practice and that two steels may possess similar McQuaid-Ehn 
case characteristics and yet display a marked difference in sus- 
ceptibility to graphitization. 

A comparison of cases 2 and 3 demonstrates that weld-affected 
metal in the stress-relieved condition is decidedly more suscep- 
tible to graphitization than normalized and stress-relieved metal. 

Cases 5 to 7 show that straight silicon-killed McQuaid-Ehn 
coarse-grained and normal carbon-molybdenum steel is funda- 
mentally unstable and will graphitize under extreme conditions. 

The absence of graphite in the three nickel-containing refinery 
tubes raises the question whether the resistance to graphitization 
of these tubes is due to the nickel in the steel. The authors have 
expressed the opinion that nickel, dissolved in the ferrite, may 
prevent graphitization by interfering with the carbon diffusion “~~” 
due to distortion of the ferrite lattice and by forcing more molyb- Fig. 24 Microstructure or Rerinery-Tuse, Case 9; 500 
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denum into the carbide. The microstructure of the three refinery 
tubes, an example of which is depicted in Fig. 24 of this discussion, 
shows a high degree of carbide diffusion, spheroidization, and 
coalescence. One can readily imagine that a low rate of carbon 
diffusion may retard the beginning of graphite formation and the 
growth of the graphite cells formed, but in the case of a steel which 
has undergone fargoing carbide diffusion and coalescence, the rate 
of carbon diffusion does not seem to have been a factor in pre- 
venting graphitization. It also appears to us to be doubtful that 
nickel conferred stability to the ferrite against carbon rejection in 
the form of graphite by mechanically strengthening the ferrite, 
i.e., by increasing the work to be done by the volume expansion 
resulting from the carbide dissociation, since another element, 
silicon, which is a much more powerful ferrite strengthener than 
nickel, is known to promote carbide dissociation. However, the 
possibility that nickel dissolved in the ferrite forces more molyb- 
denum into the carbide, as suggested by the authors, remains. 

One may also wonder if the addition of an element which dis- 
solves in the ferrite, such as nickel, does not modify the elec- 
trostatic balance in the ferrite lattice in a manner which is less 
favorable to carbon rejection in the form of graphite. It all goes 
to show that there is much to be learned yet before a full under- 
standing of the phenomenon of graphitization is attained. The 
authors have presented some significant facts and have indi- 
cated a new approach to the solution of this difficult problem for 
which they deserve appreciation and thanks. 


L. H. Carr.6 In the Edward laboratories, we have been mak- 
ing extensive graphitization tests for the past year anda half. We 
have obtained a certain amount of test data which does not differ 
in its essential details from most of that which has been presented 
already. The tests show up many of the same anomalies which 
have already been pointed out. They seem to show that we all 
know a number of factors which definitely have to do with a 
tendency toward graphitization, but that we do not know for 
sure of an economical solution which can be applied to steel- 
makers the country over which will guarantee the absence of 
graphite for service times of 5 to 25 years. 

For example, we have found such conflicting data as the follow- 
ing: Samples of cast carbon-molybdenum steel from one foundry 
source deoxidized with 2 lb of aluminum per ton will develop 
graphite in every test. Samples of the same material again de- 
oxidized with 2 lb of aluminum per ton from another foundry 
source have never developed graphite in any of our tests. On 
the other hand, the foundry source whose material graphitizes 
with high aluminum addition, has made a number of test bar 
heats of either no aluminum or '/; lb per ton. None of these 
specimens has graphitized in our tests, but other investigators 
have found graphite developing in steels of low aluminum addi- 
tions. We have tested a good many heats of steel graphitized 
when stress-relieved at 1200 F after welding, and none of them 
showed graphite when stress-relieved at 1300 F after welding. 
Again, however, other investigators have reported this as not be- 
ing a foolproof preventive. We have tested a number of heats 
of cast carbon-molybdenum steel containing from 0.40 to 0.60 
per cent chromium for test periods as long as 10,000 hr at 1025 
F. Again none of these specimens has shown graphite, although 
we have heard from othet investigators that they have found 
graphite in some steels containing chromium. 

Again, we might call attention to a number of pipe investiga- 
tions wherein graphite has been found distributed in a number of 
random locations away from any apparent welding or heating. 
It would seem therefore that perhaps graphitization is a little bit 
like creep in that at high temperatures we will always have some, 
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and that the engineering and metallurgical problem is to minimize 
this tendency toward graphitization, rather than to try to erase 
it LOO per cent in all cases. 

In view of the fact that different steelmakers, using nominally 
the same practice, produce carbon-molybdenum steels of widely 
differing graphitization tendencies, it would seem that too much 
weight could not be given to the results of any one graphitization 
investigator. Furthermore, it is felt that too many suggested 
solutions to the whole problem have been discarded because of 
just one or two graphite spots widely distributed in a sample. 
Since no simple cure-all for the matter has been developed, it 
would seem that the best way to give engineers the information 
they need today would be to summarize all available test infor- 
mation in some sort of a statistical score sheet. This might show, 
for example, that of several thousand specimens of high-alu- 
minum carbon-molybdenum steel 30 per cent would show 
graphitization at the end of a certain testing time. It might 
show in the case of several thousand other low-aluminum carbon- 
molybdenum steels that 3 or 4 per cent would show graphitization 
under similar time and temperatures. Again, it might show that 
of specimens stress-relieved at 1300 F, a certain per cent would 
show graphitization. Several hundred specimens of chromium 
containing carbon-molybdenum steels might show that only one 
or two had developed any graphite. It would also be desirable to 
work out some simple method of classifying the degree of graphi- 
tization. A simple statement of ‘‘Yes, it is present,’ or “No, it 
is not,”’ leads to the condemnation of many test samples which 
are structurally quite sound, but which show one or two isolated 
graphite spots. Samples in which two out of three fields of view 
show no graphite in the critical area should perhaps receive a sepa- 
rate classification. 

It is believed that a large amount of data of this sort is now 
available in laboratories throughout the country, which will 
represent the widest possible range of steel manufacture. A table 
of this sort should enable engineers to select materials for today’s 
problems on a much more rational basis than merely listening to 
the opinions of any one or two investigators. 


Autuors’ CLOSURE 


The authors are indebted to Mr. Eberle and Mr. Carr for their 
discussions and interest. The cases cited by Mr. Eberle are 
significant in illustrating the profound influence of minor varia- 
tions of treatment on graphitizing tendency. In our own work 
we have found that in certain samples which were presumed to be 
homogeneous, since they were cut out of larger parts which had 
been treated as a whole, a particular region would display a 
marked shower of graphite particles while the remainder of the 
sample would be devoid of visible graphite (on the same polished 
section). This made for great tedium in the microscopic ex- 
amination for the failure to find graphite at the first examination 
gave no assurance graphite was not present and in significant 
quantity. Particular conditions of divorcement of ferrite and 
carbide were suspect, as brought out in the paper and if graph- 
ite was not found in the first instance, the sample was ground 
down and repolished through successive layers until there was 
reasonable assurance that graphite either was or was not 
present. 

This critical examination was required by the nature of the 
Springdale failure and by the findings on the graphitized valve 
body described in the paper. The graphite found on a particular 
section may not be significant in revealing the degradation of 
the whole member. This was brought out by Blumberg in the 
general discussion of graphitization at the December, 1943, 
meeting of the A.S.M.E. 

The foregoing comments will partially serve in reply also to 
Mr. Carr. The compilation and statistical analysis of graphitiza- 
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tion data suggested by Mr. Carr would possess a certain interest 
but would afford small satisfaction to the design engineer. To 
lay out a power plant with the knowledge that 30 per cent or 
even 3 per cent of the steels involved would graphitize within the 
normal service life, perhaps seriously, would not be very comfort- 
ing. It is quite true that we shall always have a little creep at 
these high temperatures but creep is something that can be meas- 
ured and predicted and loading values are selected so that total 
creep over service expectancy is kept small in amount. However, 
the action through which controlled creep takes place does not 
lead to marked degradation of the physical properties. Graphi- 
tization involves degradation and may in some instances lead to 
serious failure. We therefore believe that erasing of graphitiza- 
tion 100 per cent is the metallurgical problem and to fail to strive 
for that end is not sound. 

Question has been raised regarding usage of 1100 F as a 
graphitization test temperature. The results presented at this 


session of the Joint E.E.I.-A.E.I.C. Investigation supports our 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1946 


position in this. Although we made no detailed attempt to 
measure graphitization quantitatively, qualitatively it appeared 
from our results that time was the principal factor affected by 
using higher temperatures. Furthermore, 1100 F is a directly 
significant temperature when it is considered that in some newer 
installations operating swings will closely approach it. 

We affirm our position that for increasing the relative stability 
the judicious use of alloys offers the safest approach. Also, the 
mechanisms are such that simple concepts, for example that 
thermodynamic stability of carbides is the only factor, may be 
not only misleading, but also dangerous. In support of our 
findings on WC-4 steel other investigators working within the 
chemistry of this specification have found samples with weld 
metal deposited thereon resistant to graphitization in the weld- 
affected zone over periods up to 10,000 hours at 1100 F. If the 
chart on graphitization rates prepared for the Summary Report 
of the Joint E.E.1.-A.E.I.C. may be presumed correct this would 
be the equivalent of 100,000 hours at 925 F. 
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Influence of Heat-Treatment Upon the 
Susceptibility to Graphitization of 
High-Aluminum-Deoxidized 
Carbon-Molybdenum Steel 


By F. EBERLE,' BARBERTON, OHIO 


Susceptibility to graphitization of carbon-molybdenum 
steels may be influenced by heat-treatment of the mate- 
rial prior to installation. Tests are reported in this paper 
on high-aluminum-deoxidized pipe with welded upset 
ends, the upsetting being carried out at 2000 F without 
subsequent heat-treatment. Graphitization in certain 
zones of the pipe were in evidence. Subsequently the in- 
fluence of prior heat-treatment or weld heat effects upon 
susceptibility to graphitization was explored. The pro- 
cedure and results attained are recorded in this paper. 


INTRODUCTION 


STUDY of the behavior of carbon-molybdenum steels in 
A long-time service at steam-plant operating temperatures 

led to the observation that susceptibility to graphitiza- 
tion may be influenced by the heat-treatment of the material 
prior to installation. For example, in high-aluminum-deoxidized 
pipe with welded upset ends, the upsetting being carried out at 
2000 F without subsequent heat-treatment, the following condi- 
tions might be encountered: 


(a) High-temperature end of weld-affeected upset material: 
not graphitized. 

(b) Low-temperature (1300-1400 F) zone of weld-affected up- 
set material: graphitized. 

(c) Weld-unaffected upset part of pipe: not graphitized. 

(d) Transition zone from the upset to the unupset part of the 
pipe which had been heated to and cooled from a temperature of 
1300-1400 F: graphitized. 

(e) Heat-unaffected unupset body of the pipe: graphitized or 
not graphitized, depending on the heat-treating temperature and 
rate of cooling prior to installation. 


This influence of prior heat-treatment or weld heat effects 
upon susceptibility to graphitization was subsequently explored 
With a series of experiments designed to examine the following 
factors: 


1 Rapid cooling from very high temperatures as sometimes 
encountered in upset pipe ends and in the high-temperature zone 
of weld-affected metal. 

2 Slow cooling from very high temperatures, sometimes found 
in pipes and heavy castings. 

3 Rapid cooling from temperatures above but in the vicinity 


‘ Research Metallurgical Engineer, The Babcock & Wilcox Com- 
pany. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Committee 
on the Effect of Temperature on the Properties of Metals and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, 
of Tae AMerican Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


of the A; point of the steel as employed in standard normalizing 
treatment. 

4 Slow-cooling from temperatures above but in the vicinity 
of the A; point of the steel as met in “normalized” heavy 
castings. 

5 Rapid and slow cooling from temperatures just above the 
A, point of the steel after heat-treatments (1) to (4) as may occur 
in the low-temperature zone of weld-affected metal (“contact 
zone’’). 

6 Quenching of normalized material from temperatures just 
above and just below the A; point of the steel as may be encoun- 
tered in the contact zone between weld-affected and weld-un- 
affected metal. 

7 Annealing at 1200 F and 1300 F, respectively, as employed 
for stress-relieving. 

No attempt was made in these experiments to reproduce exact 
fabrication conditions, i.e., the rate of cooling in the normal- 
ized samples was sometimes faster, the quenching of the quenched 
samples more drastic, and the cooling of the annealed samples 
slower than in fabricated material. This was done purposely in 
order to establish fundamental trends and, if possible, to shed 
more light on the mechanism of graphitization. 


I-XPERIMENTAL PROCEDURES 


For some of the tests only unwelded specimens were used, con- 
sisting of 3/,-in. cubes machined from the heat-treated material 
so as to eliminate oxidized and decarburized surface metal. In 
general, the heat-treating was done in a salt or Jead bath. Some 
tests with unwelded material were run in duplicate, one set of 
specimens remaining in the heat-treated and machined condi- 
tion, while identical specimens of a second set were 50 per cent 
cold-compressed in a tensile machine prior to the soaking in the 
lead bath at 1000 F. This severe cold deformation had been 
found generally to promote or accelerate graphitization and 
helped to induce the formation of graphite in some conditions of 
heat-treatment where it would otherwise not occur, at least not 
within the chosen duration of the tests. 

A second set of experiments was conducted with special spot 
welds consisting of 1-in-diam X !/s-in-thick disks which were pre- 
pared by placing them between the water-cooled electrode tips of 
a spot-welding machine and applying sufficient current to fuse 
the core of the disks from cold to fusion within !/;; sec, 2/15 sec, and 
1/, sec, respectively, the disks then cooling to room temperature 
within 1 sec. These tests were intended to give information on 
the effect of extremely rapid cooling under conditions of 
welding. 

A third series of tests was carried out with regular multiple-pass 
are welds prepared by joining two plates which had been water-, 
air-, or slow furnace-cooled from 2200 F and 1650 F, respectively, 
prior to the welding, water-cooled plate being welded to water- 
cooled plate, and air-cooled plate to air-cooled plate, ete. Each 
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of these test welds was then cut into three sections, one section 
remaining in the as-welded condition, a second section being 
standard stress-relieved at 1200 F and the third section annealed 
at 1300 F for 20 hr. These tests were intended to furnish in- 
formation on the effect of various heat-treatments under actual 
fabricating conditions. 

All graphitization tests were conducted in a charcoal-covered 
lead bath held at 1000 F. 


TABLE 1 
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MATERIALS 

Two types of carbon-molybdenum steel were employed: Two 
high-aluminum deoxidized steels of great susceptibility to graph- 
itization (steels A and B) and a high-aluminum-deoxidized stee! 
of low susceptibility to graphitization (steel C). The deoxidation 
practice, McQuaid-Ehn case characteristics, and chemistry of 
these steels are given in Tables 1 to 6 which also contain sum- 
maries of the test results. 


TEST SERIES A—TESTS WITH UNWELDED SPECIMENS IN VARIOUS CONDITIONS OF HEAT-TREATMENT 


(Specimens */s-in. cubes machined from heat-treated materiai) 


Steel “A”: Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 7 (Abnorm.) 
.19C, .48Mn, .16Si, .018P, .024S, .52Mo, .039 Ai, .009 Al.0; 


Specimen Heat Treatment Results of 3000 hr Tests At 1000F Ilustration 

Bl 1 hr 2200F/Air No Graphite 

B2 1 hr 2200F/Air + 50% Cold Reduction No Graphite 

B3 1 hr 2200F/Air +1 hr 1400F/Fee (1° /hr) Very Few Scattered Very Small Nodules 

B4 1 hr 2200F/Air +1 hr 1400F /Fce (1° /hr) Scattered Small Nodules Fig. 1 
+50% Cold Reduction 

El 1 hr 1650F/Air No Graphite 

E2 1 hr 1650F/Air -}-50% Cold Reduction Scattered Small Nodules Fig. 2 

E3 1 hr 1650F/Air -+-1 hr 1400F/Fce (1° /hr) No Graphite ; 

E4 1 hr 1650F/Air +1 hr 1400F/Fce (1° /hr) Few Scattered Small Nodules 
-}+-50% Cold Reduction 

E5 1 hr 1650F/Air +1 hr 1400F /Air Very Few Scattered Very Small Nodules 

£6 1 hr 1650F/Air -+-1 hr 1400F/ Air Few Scattered Small Nodules 
+-50% Cold Reduction 

E7 1 hr 1650F/Air -+-1 hr 1400F/Water Few Scattered Very Small Nodules 

E8 1 hr 1650F/Air -+-1 hr 1400F/Water Scattered Very Small Nodules 
+50% Cold Reduction 

qc 1 hr 2200F/Fee (50° /hr) . Scattered Large Nodules Fig. 3 

C2 1 hr 2200F /Fce (50° /hr) +-50% Cold Reduction Increased Number Of Scattered Large Nodules 

C3 1 hr 2200F/Fee (50° /hr) +1 hr 1400F/Fee (1° /hr) Very Few Scattered Small Nodules 

C4 1 hr 2200F/Fce (50° /hr) +1 hr 1400F/Fee (1° /hr) Grain Boundary Chain Graphite And Scattered Fig. 4 
+50% Cold Reduction Medium Sized Nodules 

Fl 1 hr 1650F/Fee (50° /hr) Segregated Graphite At Surface Only 

F2 1 hr 1650F/Fee (50° /hr) +50% Cold Reduction Scattered Small Nodules 

F3 1 hr 1650F/Fee (50° /hr) -+1 hr 1400F/Fce (1° /hr) Few Scattered Small Nodules 

F4 1 hr 1650F/Fee (50° /hr) +-1 hr 1400F/Fee (1° /hr) Scattered Small Nodules Fig. 5 
+50% Cold Reduction 

F5 1 hr 1650F /Fee (50° /hr) -+-1 hr 1400F/Air Very Few Scattered Small Nodules 

F6 1 hr 1650F/Fee (50° /hr) +-1 hr 1400F/Air Scattered Small Nodules 
-+50% Cold Reduction 

-7 1 hr 1650F/Fee (50° /hr) +-1 hr 1400F/Water Few Scattered Small Nodules 

F8 1 hr 1650F/Fee (50° /hr) +1 hr 1400F/Woater Scattered Small Nodules Fig. 6 


+25% Cold Reduction 


TABLE 2 TEST SERIES B—TESTS-WITH UNWELDED SPECIMENS IN VARIOUS CONDITIONS OF HEAT-TREATMENT 


(Specimens #/,-in. cubes machined from heat-treated material) 


Steel ‘‘B'': Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 6-7 (Abnorm.) 
-11C, .45Mn, .14Si, .012P, .026S, .53Mo, .036 Al, .006 Al.0,; 


Specimen Heat Treatment Results Of 3000 hr Tests At 1000F 
SRI 4 hr 2200F/Fce (50° /hr) No Graphite 
SR2 4 hr 2200F/Fce -++-4 hr 1200F/Fce localized Nodules At Surface Only 
SR3 4 hr 2200F/Fce -+-4 hr 1300F/Fce Some Scattered Medium Nodules At Surface Only 
SR4 4 hr 2200F/Fce +-50% Cold Reduction Numerous Small To Medium Nodules 
SR5 4 hr 2200F/Fce +50% Cold Red. +4 hr 1200F/Fce Numerous Small To Medium and Some Large Nodules 
SR6 4 hr 2200F/Fce +-50% Cold Red. +4 hr 1300F/Fce Medium Amount Of Small To Medium And Some Large Nodules 
SR7 4 hr 2200F/Water No Graphite 
SRB 4 hr 2200F/Water -}-4 hr 1200F/Fce No Graphite 
SRO 4 hr 2200F/Water -}-4 hr 1300F/Fce No Graphite 
SRIO 4 hr 2200F/Water -++-50% Cold Reduction No Graphite 
SR11 4 hr 2200F/Water +-50% Cold Red. +-4 hr 1200F No Graphite 
SR12 4 hr 2200F/Woater +-50% Cold Red. +4 hr 1300F No Graphite 
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EKBERLE—GRAPHITIZATION OF HIGH-ALUMINUM-DEOXIDIZED CARBON-MOLYBDENUM STEEL 627 


TABLE 3 TEST SERIES C—TESTS WITH UNWELDED SPECIMENS IN VARIOUS CONDITIONS OF HEAT-TREATMENT 
(Specimens #/,-in. cubes machined from heat-treated material) 


Steel ‘A’: Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 7 (Abnorm) 


19C, .48Mn, 16Si, 018P, .024S, .52Mo, .039 Al, .009 AI.O 

Specimen Heat Treatment Results Of 1500 hr Tests At 1000F z fe 

GI 1 he 2200F/Air 1 hr 1300F/Fee No Graphite 

G2 1 hr 2200F/Air -+ 1 hr 1300F/Fce +-50% Cold Reduction Small Nodules At Surface Only 

G3 1 hr 1650F/Air + 1 hr 1300F/ Fee No Graphite 

G4 1 he 1650F/Air +- 1 he 1300F/Fce + 50% Cold Reduction Few Small Nodules At Surface Only 

G5 1 he 1650F /Air +- 20 hr 1300F / Fee No Graphite 

G6 1 he 1650F/ Air -+-20 he 1300F /Fee -+- 50% Cold Reduction Few Small Nodules At Surface Only 

hr 2200F /Fee (50° /hr) + 1 hr 13007 /Fee Some Small To Medium Nodules At Surface Only 

H2 1 hr 2200F/Fce (50° /hr) + 1 hr 1300F/Fre -+ 50% Cold Red. Numerous Small Nodules 

H3 1 hr 1650F/Fce (50° /hr) +- 1 hr 1300F/Fre Some Small Nodules At Surface Only 

H4 1 hr 1650F/Fee (50° /hr) +- 1 hr 1300F/Fee +-50% Cold Red. Few Small Nodules 

H5 1 hr 1650F /Fce (50° /hr) +-20 hr 1300F /Fee Some Small Nodules At Surface Only 

H6 1 hr 1650F (50° /hr) +20 hr 1300F/Fce + 50% Cold Red. Some Small Nodules At Surface Only 


TABLE 4 TEST SERIES D—TESTS WITH UNWELDED SPECIMENS QUENCHED FROM TEMPERATURES JUST ABOVE 
AND JUST BELOW THE A: POINT OF THE STEEL 


(/: & in. specimens, normalized at 1650 F) 


Steel ''B'': Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 6-7 (Abnorm.) 3 : 
-VIC, .45Mn, .14Si, .012P, .026S, .53Mo, .036 Al, .006 Al.0, 


Specimen Heat Treatment Results of 10000 hr Tests At 1000F 
Kl Y_ hr 1400F /Ice-Brine Uniformly Scattered Graphite 
K2 he 1350F /Ice-Brine less Uniform And Less Graphite Than In 
K3 Yq hr 1300F /Ice-Brine As In K2 
K4 V_ he 1250F /Ice-Brine As In K2 


TABLE 5 TEST SERIES E—TESTS WITH DISKS CONTAINING SPOT-WELD-FUSED CORES 
(Specimens 1 in. diam X !/s in. thick, machined from material normalized at 1700 F and heated between the water-cooled electrode tips of a Z 
spot-welding machine) 


Steel “B”: Si-Al Killed (1.8 Ib. Al/ Ton), McQuaid-Ehn Grain Size 6-7 (Abnormal) 
.11C, .45Mn, .14Si, .012P, .026S, .036 Al, .006 Al.0; 


Heating Time Cooling Time Results of 10000 hr Tests At 1000F Sy 


Specimen To Fusion To Room Temp Fused Core Contact Z. Weld-Aff./Weld-Unof. M Weld-Unaff. Metal fiers 
ul 1/15 sec. 1 sec. No Graphite Few Scattered Nodules Few Scattered Nodules . 
\2 2/15 sec. 1 sec. No Graphite Few Scattered Nodules Few Scattered Nodules ‘= 


\3 1/5 sec. 1 sec. No Graphite Few Scattered Nodules Few Scattered Nodules 


TABLE 6 TEST SERIES F—TESTS WITH STANDARD MULTIPLE-PASS ARC WELDS 
(Specimens 5 X 5 X 1-in. plate sections in various conditions of heat-treatment, welded together and post-weld-treated as indicated) 


Steel 'C": Si-Al Killed (1.5 Ib. Al/Ton), McQuaid-Ehn Grain Size 5-7 (Slight To Medium Degree of Abnormality) 
.18C, .83Mn, .23Si, .016P, .023S, .49Mo, .041 Al, .029 Al.0; : 


Results Of 6000 hr Tests At 1000F 


2200F Treated Material 1650F Treated Material : 
Heat Treatment Of Plate Postweld Heat-Aff. Z. Heat-Aff Z. 3 
Specimen Pair Treatment Weld-Unoff. M (Contoct Z.) Weld-Unoff. M. (Contact Z.) 
Ml 2200F /Water—1650F/ Water None No Graphite No Graphite No Graphite No Graphite 
M2 2200F /Woter—1650F / Water 1 hr 1200F No Graphite No Graphite No Graphite No Graphite 
M3 2200F , Woter—1650F / Water 20 hr 1300F No Graphite No Graphite No Graphite No Graphite 
M4 2200F / Air—1650F / Air None No Graphite No Graphite Some Nodules In| No Graphite : 
Some Cold 7 
Worked Surface 
Zones 
MS 2200F /Air—1650F / Air 1 hr 1200F No Graphite No Graphite Some Nodules In No Graphite Z 
F Some Cold 2 
Worked Surface 
Zones 
M6 2200F /Air—1650F/Air 20 hr 1300F No Graphite No Graphite No Graphite No Graphite 
M7 2200F /Fce*—1650F /Free* None A Few Isolated Some Widely Some Nodules In Some Scatt. 
Nodules Scattered Cold Worked Small To Med. 
Medium Nod. Surface Zones Nodules 
Only 
ms 2200F /Fce*—1650F/Fee* 1 hr 1200F A few Widely Some Scott. Some Large Nod No Graphite ae 
Scott. Nodules Medium Nod. In Surface ua 
Zones Only 
mg? 2200F /Fce*—1650F /Fee* 20 hr 1300F No Graphite No Graphite No Graphite No Graphite q ae 


* Cooled 50° per hour 
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TRANSACTIONS 


Test Resuts 
Evaluation of the test results led to the following conclusions: 


1 Carbon-molybdenum steels deoxidized with the same 
nominal amount of aluminum, possessing practically identical 
chemistry and displaying practically identical abnormal Mc- 
Quaid-Ehn case characteristics may show differences in suscepti- 
bility to or rate of graphitization. 

2 Annealing at very high temperatures followed by rapid 
cooling seems to inhibit or retard graphitization at the contem- 
plated temperatures. This was found to be true also for speci- 
mens which had been 50 per cent cold-reduced by compression 
prior to the subcritical annealing at 1000 F. 

3 Annealing at temperatures above, but near the A; point of 
the steel followed by rapid cooling appears to be much less ef- 
fective in retarding graphitization than rapid cooling from very 
high temperatures. When severely cold-deformed, such mate- 
rial may form graphite within 1500 to 3000 hours at 1000 F. 

4 Annealing at very high temperatures followed by slow 
cooling seems to promote or accelerate graphitization. In this 
condition relatively large scattered graphite nodules are formed 
within 1500 hours at 1000 F. 

5 Annealing at temperatures above, but near the A; point 
followed by slow cooling renders the steel less susceptible to graph- 
itization than slow cooling from very high temperatures, but more 
susceptible than air cooling from temperatures above but near 
the A; point. 

6 Reheating steel which had been rapidly cooled from very 
high temperatures and thereby made insensitive to graphitiza- 
tion, to temperatures just above the A; point renders it again 
susceptible, irrespective of the subsequent rate of cooling. 

7 Heating to just above the A; point (1400 F) followed by 
water-quenching renders the steel more susceptible to graphiti- 
zation than slow furnace-cooling from the same temperature. 
On the other hand, slow-cooling from just above the A; point 
favors graphitization more than air-cooling. In this connection 
it should be remembered that quenching from very high tem- 
peratures inhibited the formation of graphite more effectively 
than any other heat-treatment. The high susceptibility to 
graphitization resulting from quenching from just above the A, 
point therefore deserves particular attention. 

8 Steel which previously had been heated to very high tem- 
peratures appears to be rendered slightly more susceptible to 
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Fic. 1 Specimen B4 Arter 3000 Hr at 1000 F; X500 


(Steel A, 1 hr 2200 F/Air plus 1 hr 1400 F/Fce (1 deg per hr) plus 50 per cent 
cold reduction.) 
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graphitization when subsequently reheated to just above the A, 
point than steel which previously had been heated to tempera- 
tures above but in the vicinity of the A; point. 

9 Material which had been slow furnace-cooled from tem- 
peratures above the A; point appears to be slightly more sus- 
ceptible to graphitization when subsequently reheated to tem- 
peratures just above the A; point than previously fast-cooled 
inaterial. Steel slowly cooled from very high temperatures, re- 
heated to above the A; point and then severely strained, shows a 
tendency to form continuous grain-boundary chain graphite. 

10° Quenching from temperatures just above the A; point 
seems to favor graphitization more than quenching from tempera- 
tures just below the A; point. 

11 Annealing at 1200 F as used in conventional stress-relieving 
appears to have little effect upon the formation of graphite unless 
accompanied by a reduction or elimination of stresses. Under 
like conditions, annealing at 1300 F for the same length of time 
seems to reduce the number of graphite nodules, but does 
not seem to prevent their formation. 

12 Long-time annealing at 1300 F considerably retards the 
formation of graphite and also tends to reduce the number of 
nodules formed. 


~ 4“ 


Fig. 2. Specimen Arrer 3000 Hr at 1000 F; X500 
(Steel A, 1 hr 1650 F/Air plus 50 per cent cold reduction.) 


Fic. 3° Specimen Cl Arter 3000 Hr art 1000 F; 
(Steel A, 1 hr 2200 F/Fce (50 deg per hr).) 
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EBERLE—GRAPHITIZATION OF HIGH-ALUMINU 


Fic. 4 Specimen C4 Arrer 3000 Hr ar 1000 F; 


M-DEOXIDIZED CARBON-MOLYBDENUM STEEL 629 


* 500 


(Steel A, 1 hr 2200 F/Fce (50 deg per hr) plus 1 hr 1400 F /Fce (1 deg per hr) plus 50 per cent cold reduction.) 


Fic. 5 Specimen F4 Arter 3000 Hr at 1000 F; 


(Steel A, 1 hr 1650 F/Fee (50 deg per hr) plus 1 hr 1400 F/Fce (1 deg per hr) 
plus 50 per cent cold reduction.) 


x 500 


GENERAL DEDUCTIONS 

The pattern of susceptibility to graphitization obtained with 
the various heat-treatments preceding the isothermal graphitiza- 
tion tests at 1000 F clearly indicates the involvement of a sub- 
microscopic precipitation phenomenon as suggested by Austin 
and Fetzer.2_ There seems to be a substance, elements or com- 
pounds, which upon precipitation in a certain state promote car- 
bide instability. The solution temperature of this substance 
seems to be rather high and its precipitation from solution rela- 
tively sluggish. Air-cooling from temperatures above 2000 F 
appears to suffice to retain these elements or compounds in solu- 
tion even in the extremely sensitive high-aluminum-deoxidized 
steels and in this condition the steel will not graphitize within 
10,000 hr at 1000 F, as demonstrated by the behavior of the spot- 
weld-fused samples. Heating the steel to intermediate tempera- 
tures above but in the vicinity of the A; point apparently does not 

* “Factors Controlling Graphitization of Carbon Steels at Sub- 


critical Temperatures,” by C. R. Austin and M. C. Fetzer. Trans. 
A.S.M., vol. 39, 1945, pp. 485-535. 


(Steel A, 1 hr 1650 F/Fee (50 deg per hr) plus 1 hr 1400 F/water plus 25 per 
cent cold reduction.) 


create complete solution, and diffusion of the submicroscopie 
phase and abnormal steel air-cooled from such temperatures will 
therefore graphitize under favorable conditions, as for instance, 
when severely cold deformed. Slow cooling from very high 
and from intermediate temperatures precipitates the phase and 
renders the steel susceptible to graphitization. Complete solution 
and diffusion of the phase as obtained at very high temperatures 
seems to result in a more effective state of precipitation than in- 
complete solution and diffusion as obtained at intermediate tem- 
peratures. 

If steel which had been rapidly cooled from high temperatures 
is subsequently reheated to temperatures just above the A, point, 
the dissolved phase will at least partly precipitate and render the 
steel again susceptible to graphitization. It is suspected that 
the allotropic transformation at the A; point, particularly when 
combined with straining, aids the precipitation of the submicro- 
scopic phase. The preferential occurrence of graphite in the low- 
temperature zone of weld-affected metal may be similarly ex- 
plained. Short-time annealing at 1200 F and 1300 F apparently 


Fic. 6 Specimen FS Arter 
SCIMEN F8 Arrer 3000 Hr ar 1000 F; X500 
: 
; 
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fails to bring about effective precipitation of the phase. On the 
other hand, once the phase is precipitated, annealing at 1200 F 
and 1300 F tends to render the phase ineffective, presumably by 
coalescence or agglomeration. At 1200 F, this effect seems to be 
very slight and even at 1300 F a relatively long annealing time 
is required to produce results of practical significance. 


PRACTICAL CONCLUSIONS 


Applying the foregoing deductions to the practical aspect of 
graphitization in welded structures, the following conclusions 
suggest themselves: 

1 Normalized material is slightly less susceptible to graphi- 
tization than annealed material. 


TRANSACTIONS OF THE A.S.M.E, 
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2 Normalizing at temperatures close to the A; point offers a 
better safeguard against the formation of dangerous chain graph- 
ite than normalizing at very high temperatures. 

3 Welding conditions should be chosen so as to minimize 
strain in the weld-affected metal by suitable preheating. 

4 Long-time stress relieving at 1300 F is more advantageous 
as a safeguard against graphitization than conventional stress-re- 
lieving at 1200 F. 
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General Discussion of Graphitization Papers 


S. H. Weaver.! The General Electric graphite furnace heats 
bars with a lengthwise weld bead to 900 F at one end and 1300 F 
at the other end. All bars were notched at the 1100 F location 
for examination after 3000 hr. The 6200-hr study has been par- 
tially completed. 

Fig. 1 of this note, for items 1 to 7, Table 1, gives the graphitic 
growth by chemical analysis in 3000 hr for different temperatures 
upon 0.15 per cent carbon steel with different deoxidization. The 
1200 to 1300 F points were omitted because of decarburization of 
the steel. The furnace was then changed to dry nitrogen 


atmosphere. 

O15 | | ] 


GRAPHITE, Per Cent. 


1000 
TEMPERATURE F. 


Grows or GRAPHITE AT 3000 Hr 1n 0.15 PER CENT 
CARBON STEEL 


Fia. 1 


In the alloy series in Table 2 of this note, items 8 to 16 have no 
microscopic graphite after 6200 hr at 1100 F. 

Table 3 lists nine conditions of pipe to A158-36P1 with 2 lb per 
ton of aluminum where at 1100 F in 3000 and 6200 hr all con- 
tained small nodular graphite except the 2300 F upset-end sam- 
ple. 

The four items of pipe in Table 4 to A206-42T with 1 lb per ton 
of aluminum, and the four items in Table 5, with 0.4 lb per ton of 
aluminum have shown no graphite at 1100 F. No examination 
has been made at other temperatures. 

There are 19 other bars in the furnace including samples of 1 per 
cent Mo; 1 per cent Mo, 0.2 per cent V; 0.5 per cent Cr, 0.5 


1 Turbine-Generator Engineering Division (retired), General 


Electric Company, Schenectady, N. Y. . 


per cent Mo, in each case with varying practices as regards heat- 
treatment and deoxidization practice. No graphite has been 
observed after the first 1700 hr. A longer soak will be required 
before any conclusion can be drawn from these latter test bars. 


TABLE 1 INDUCTION FURNACE HEATS, DIFFERENT 


DEOXIDIZATION 


1700 F—2 hr air cool 
1200 F—2 hr furnace cool 


Heat Treatment: 


Item Cc Al Si Mn 
1 0.15 0.025 
2 0.15 0.050 
3 0.15 0.075 a 
4 0.15 0.20 
5 0.15 0.40 
6 0.15 0.60 
7 0.15 “a 0.30 0.30 
Nore: Graphite nodules in 3000 hr. See Fig. 8 for graphite chemical 


analysis with temperature. 
TABLE 2 INDUCTION FURNACE HEATS, EFFECT OF ALLOYS 


1700 F—2 hr air cool 
1200 F—2 hr furnace cool 


Heat Treatment: 


Item Cc Si Mn Mo Cr 
8 0.15 0.30 0.70 ou xa 
9 0.15 0.30 1.30 
10 0.15 0.30 0.30 0.50 wa 
ll 0.15 0.30 0.70 0.50 “s 
12 0.15 0.30 0.90 0.50 ed 
13 0.15 0.30 a4) 0.50 0.3 
14 0.15 0.30 0.50 0.70 
15 0.15 0.30 0.50 0.90 
16 0.15 0.30 0.50 1.3 
Note: No graphite in 6200 hr at 1100 F but fully spheroidized. 
TABLE 3 PIPE SPECIFICATION A.S.T.M., A158-36P1 
(2 lb al per ton) 

1 ‘As received;"’ 1200 F- 2 hr, furnace cool 

2 ‘As received;’’ 1300 F- 2 hr, furnace cool 

3 Upset, 2300 F- 1 hr, furnace cool 

4 1600 F- 2 hr, water quench, 1200 F- 1 hr, furnace cool 

5 1700 F- 2 hr, air cool, 1200 F- 2 hr, furnace cool 

6 1700 F- 2 hr, air cool, 1100 F- 2 hr, furnace cool 

7 1700 F- 2 hr, air cool, 1000 F- 2 hr, furnace cool 

8 1700 F- 2 hr, air cool, no draw 

9 575 F weld cycle, 1200 F- 2 hr, furnace cool 

Nore: Except upset item all had small nodules of graphite at 3000 and 


6200 hr at 1100 F. 


TABLE 4 PIPE SPECIFICATION A.S.T.M., A206-42T 


(1 lb al per ton) 
“As received 1200 F- 2 hr, furnace cool 
“As received;"’ 1300 F- 6 hr, furnace cool 
Upset, 2300 F- 1 hr, air cool 
575 F weld cycle, 1200 F draw 


No graphite at 1100 F in 3000 or 6200 hr. 


Norte: 


TABLE 5 PIPE SPECIFICATION A.S.T.M., A206-42T 


(0.4 lb al per ton) 
“As received;’’ 1200 F- 2 hr, furnace cool 
**As received; 1300 F- 6 hr, furnace cool 
Upset, 2300 F- 1 hr, air cool 
575 F weld cycle, 1200 F draw 


No graphite at 1100 F in 3000 or 6200 hr. 


Norte: 
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combinations of these factors, sults were equal to those of companion samples not exposed to 
TABLE 1 COMPOSITION OF MATERIALS 
Austenitic Austenitic Austenitic Austenitic No. 25 
cast irom A, cast iron B, cast iron C, castiron D, cast iron, 
per cent per cent per cent per cent per cent 
RS ere 2.44 2.10 2.66 2.75 3.25 
1.84 1.77 1.88 1.97 2.75 
0.90 0.74 0.92 0.98 0.58 
Phosphorus. 0.050 0.049 0.14 0.13 0.33 
0.015 0.028 0.025 0.055 
19.82 20.61 19.86 19.09 
60 None 1.65 1.75 
% Molybdenum........... 0.74 0.90 0.63 0.62 
4.10 0.06 4.55 4.33 


Some Stress-Corrosion Studies on 
Austenitic Cast Irons 


By J. B. URBAN,' J. W. BOLTON,' ano A. J. SMITH! 


Experimentation is the most adequate approach to 
stress-corrosion problems and should involve various 
mechanical loadings of a material under corrosive condi- 
tions. When corrosive conditions are held constant in 
respect to concentration and temperature, useful thres- 
hold stresses if existent can be ascertained and suitable 
safety factors adopted. The procedure for studying 
austenitic cast irons on this basis is discussed, the in- 
vestigation indicating that at very high stresses, such 
irons are subject to stress corrosion in strong hot caustic. 
However, threshold stresses have been found to be rela- 
tively high, markedly exceeding stresses contemplated in 
design and application. Thus the desirable properties of 
such material can be utilized to good advantage, with mar- 
gin to assure adequate safety in this corrosive medium. 


ROBLEMS of stress corrosion have concerned engineers 
Pr many years. ‘Season-cracking” in brasses and em- 

brittlement of ductile boiler-plate steel in presence of alka- 
line media are familiar examples. A material may possess ap- 
parently adequate strength and adequate corrosion resistance, 
as ascertained by separate conventional tests. Yet some mate- 
rials are known to fail prematurely when exposed to certain 


It is known that triaxiality of stresses may bring about accel- 
eration of failure, or failure at lower loading than would be ex- 
pected from conventional formulas for mono- and biaxial loading. 
Somewhat similarly, ‘corrosive stress” may be considered as an 
additional stress imposed upon a normally loaded system, giving 
the effect of higher stress order than contemplated by formulas. 
The safest approach to stress-corrosion problems is experimenta- 
tion on various mechanical loadings under corrosive conditions. 
When corrosive conditions are held constant in respect to concen- 
tration and temperature, useful threshold stresses if existent can 
be ascertained and suitable safety factors adopted. 

Since stress corrosion is initiated as a surface effect, it is essen- 
tial that surface stress intensities (as imposed by loading) be 
determined accurately, so that the result of imposition of a cor- 
rosive condition can be evaluated. The resistance-wire (SR-4) 
type strain gage has proved quite useful in this respect. 

_' Metallurgical Department, The Lunkenheimer Company, Cin- 
cinnati, Ohio. 

Contributed by the Metals Engineering Division and presented at 
the Fall Meeting, Cincinnati, Ohio, October 2-3, 1945, of Taz AMERI- 
CAN Socrery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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. stress corrosion is not a factor. 


Strong hot caustic (sodium hydroxide) is a powerful corrosive 
toward many metals, and producesembrittlement in some. Suita- 
ble grades of gray cast iron have fairly good resistance toward 
the corrosive effect and also are relatively free from stress-cor- 
rosion deterioration. Some of the high-nickel austenitic cast 
irons have excellent corrosion resistance toward strong caustics, 
even at elevated temperatures. This suggests their considera- 
tion? where contamination of caustic must be held to a minimum 
and where maximum life under such corrosive conditions is de- 
sired. 

The present investigation indicates that at very high stresses 
the austenitic cast irons are subject to stress corrosion in strong 
hot caustic. However, threshold stresses have been found to be 
relatively high, markedly exceeding stresses contemplated in de- 
sign and application. Thus the desirable properties of such ma- 
terial can be utilized to good advantage, with margin to assure 
adequate safety in this corrosive medium. 


EXPERIMENTAL PROCEDURES 


Compositions of the materials examined are given in Table 1. 
Samples of austenitic-type cast iron were immersed in 50 per cent 
caustic solutions and boiled, using reflux condenser, for periods up 
to 6 months. These were broken in impact test. The test re- 


caustic. This showed that caustic embrittlement does not re- 
sult when stress is absent. 

Other samples were loaded under standard creep-test condi- 
tions.* These tests showed that the materials involved with- 
stand stresses to 15,000 psi at 350 F, without measurable flow 
or “creep.” After removal from the creep test and breaking, no 
differences in strength and ductility from companion unstressed 
samples were observed. These and other tests indicate that even 
at relatively high stresses the material is not adversely affected 
by mechanical loadings, even at temperatures appreciably above 
350 F. The question then is whether the combined actions of 
stress and exposure to the corrosive medium produce effects not 
indicated by these factors operating independently. 

The corrosive medium and condition chosen was 50 per cent 
by weight commercial sodium hydroxide (aqueous solution) at 
2380 F. 

Three methods of stress application utilized were as follows: 


? Austenitic cast irons also are resistant to many other corrosive 
agents, both alkaline and acid, wherein long experience has shown that 


3 “Recommended Practice for Conducting Long-Time High-Tem- 
perature Tension Tests of Metallic Materials,” A.S.T.M. Standards, 
1941, E22-41. 
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(a) tensile loading, (b) cantilever loading, and (c) beam loading. 

All specimens were cast in green sand and tested in the un- 
machined condition. (This simulates the surface conditions of 
cast product as commonly used.) 


TENSILE LoapiInc METHOD 


The arrangement of equipment is shown in Fig. 1. The test 
specimen was mounted between high-nickel-alloy pulling bars 
supported at the top with a ball-and-socket joint and a dead load 
applied to the bottom. The bottom bar passed through the base 


TEST 
SPECIMEN 


FURNACE 


LOAD 


Fic. 1 Srress-Corrosion Test Setup ror TENSILE LOADING 


of a high-nickel-alloy container with a watertight seal, the con- 
tainer being filled with solution of commercial sodium hydroxide. 
A heating element around the container maintained the desired 
temperature of 280 F, through a potentiometer controller and 
thermocouple. (This temperature is very near the boiling point.) 
Water lost through evaporation was replaced continuously 
through a simple gravity-feed mechanism holding the solution 
concentration relatively constant. The average stress intensity 
over the affected area was established by the sum of the weights of 
container and contents, lower pulling bar, and applied weights. 


SIMPLE- AND CANTILEVER-BEAM LoapING METHODS 


These systems are shown in Figs. 2 and 3. The ends of the 
test specimens were attached to the load through a wire passing 
over a ball-bearing-mounted pulley of low frictional resistance. 
By means of this arrangement stresses on the specimens were 
independant of flexural changes in the supports, within reason- 
able limits of flexure of specimens, 

Tests were carried out both on round specimens 0.5 in. diam, 
and specimens of rectangular cross section measuring 1 X 0.4 
in. Specimens were 8'/2 in. in length in the cantilever test; in 
the simple-beam tests the outer knife-edges were 9!/2 in. apart, the 
center knife-edge 3'/2 in. from the lower fixed edge. 

In conventional engineering practice stress intensities (as rup- 
ture moduli) usually are calculated by the beam formulas. These 
formulas are based upon the assumptions of elasticity and 
equivalent stress-strain moduli in both tension and compression. 
Cast irons do not comply with these assumptions. As shown by 
the authors’ company‘ and others, the stress-strain curve of cast 


4“Some Notes on Mechanism of Deformations in Grey Iron,” by 
J. W. Bolton, Proceedingsof the A.S.T.M., vol. 32, part 2, 1932, p. 477. 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1946 


SIMPLE BEAM TYPE LOADING 


Fic. 2. Srress-Corrosion Test Serup ror Beam-Type LoapInG 

IRON A- TENSILE LOADIN 

_.20000}— J IRON B- TENSILE 

$ 

a: 

¥ 

10,000 

| NOT BROKEN 


LH | 


04 10 a 10 40 100 400 1000 4000 
FRACTURE TIME -HOURS 


Fic. Srress-Corrosion RATE FOR AUSTENITIC 
TENSILE LOADING 


Cast Irons; 


TABLE 2 SUMMARY OF TENSILE TESTS 


-—————-Time for fracture, hr 


Tensile stress, Austenitic Austenitic No. 25 
psi cast iron A cast iron B cast iron 

25000 284° 
22000 1.25 
20000 0.7 and 7.7 5.2 
18000 ae 2.5 and 6 
16000 15 
15000 3.1 350° 
12000 11 and 43 uA evn 
11000 2702 
10000 26002 2600° 26002 


s Not broken. 


irons combines both elastic and plastic components. Also, 
properties are not equivalent in tension and compression. Thus 
the neutral stress axis does not coincide with the geometric axis. 

Since stress-corrosion phenomena are (at least at their inci- 
dence) influenced by surface conditions, accurate measurement of 
fiber stress is necessary for evaluation. Strain-resistance (SR-4) 
gages are quite useful for this purpose. SR-4 gages and instrumen- 
tation have been described in detail in recent literature. Many 
applications have been to elastic materials. In such applications 
the measured strain is interpreted in terms of stress by introduc- 
tion of Young’s modulus. 

Since the materials studied are but quasi-elastic, a modified 
procedure was required. Relationship of strain to stress not being 
constant, strain readings must be compared to a separately de- 
termined stress-strain curve to ascertain the corresponding stress 
intensities. The details of procedure and the various calibrations 
are described in the Appendix. The SR-4 strain-measurements’ 
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accuracy compared very favorably with measurements by other 
extensometric devices and results were readily reproducible. The 
facility with which these gages can be applied to locations and 
shapes where strains are not measurable by other devices extends 
the field of testing engineering. SR-4 gages can be used not only 
on simple test shapes but also on products and other complicated 
shapes subjected to stress and strain. 


Test REsuLTs 


Tensile Tests. These are summarized in Table 2 and are shown 
graphically in Fig. 3. The gray cast iron sustained a tensile load 
of 25,000 psi for 284 hr and 10,000 psi for 2600 hr without breaking. 
The solution discolored and the bars showed evidence of surface 
corrosion but there was no evidence of corrosion being acceler- 
ated by the stress, or suggestion that embrittlement was effected. 

Austenitic iron failed in a comparatively short time under a 
load of 20,000 psi, 0.7 hr on one bar, 7.7 hr on another, both from 
the same heat. Decrease of stress to 12,000 psi increased the time 
to fracture by almost 3 times. At a stress of 10,000 psi load was 
sustained for 2600 hr without fracture. The curves indicate that 
there is a limiting stress below which failure will not occur in 
caustic solutions. (This is confirmed by long-time service ex- 
perience with the condition and material.) Above the limiting 
stress very slight increases in stress profoundly shorten the time 
to failure. This indicates the desirability of suitable choice of 
design stress, and measurements under operational conditions to 
reveal it. 

The tensile strength of iron A, cast as a 0.5-in-diam specimen 
was 38,500 psi. The specimen removed unbroken after 270 hr 
in hot caustic under a stress of 11,000 psi was subsequently 
broken at room temperature and showed a tensile strength of 
37,900 psi. A piece of the test specimen which failed after 43 hr 
at 12,000 psi was broken at room temperature, giving a tensile 
strength of 38,600 psi. It would appear that the caustic is effective 
only in lowering the time to fracture under stress when mate- 
rial is under the corrosive and temperature influence. 

Beam Loadings. Results obtained from beam loadings of 
specimens are recorded in Table 3, and plotted in Fig. 4. ‘Fhe 
upper curves show the tensile fiber stress as calculated from the 
beam formula, the lower from conversion of actual strain meas- 
urements according to the method described in the Appendix. 
The marked error occasioned by use of the beam formula is evi- 
dent. 

These results are in good agreement with those found for ten- 
sile loading, the limiting or threshold stress being about 10,000 
psi. 


CONCLUSION 


These studies show that for the corrosive and temperature con- 
sidered there is a limiting stress below which the effects of stress 
corrosion on austenitic irons are either negligible or nonexistent. 
This stress is relatively high in respect to contemplated stresses 
for cast-iron products. Thus the good corrosion resistance of 
these metals in hot caustic can be advantageously utilized as 
sound engineering practice. This confirms field experience. 

As shown by these studies (and described in the Appendix), the 
SR-4 resistance-strain-gage method is a valuable tool for the metal- 
— and test engineer in their evaluation of quasi-elastic mate- 
rials, 


Appendix 


The foregoing paper indicates the necessity of correct stress 
evaluation in studies of stress-corrosion effect. 

Stresses due to tensile loading are determined readily and di- 
rectly. Those due to various transverse loadings are not so 
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TABLE 3 RESULTS OF BEAM-LOADING SPECIMENS 


—————F racture time, ——.. 
Calculated Austenitic Austenitic 
stress from Stress from Austenitic cast iron C, cast iron D, 
beamformula, stress-strain cast iron C, cantilever cantilever 
psi curve, psi simple beam beam beam 
49200 26300 ads 0.1 
46800 26000 0.5 
41400 24200 1.8 
39600 23700 wine ewe 0.7 
31100 20800 4.3 
25800 18400 12.4 
24900 18000 wie 5.0 
23200 17000 8.1 aos 
22000 16400 236 
20400 15400 15.5 
19650 14800 243¢ 
18200 13900 152 
16370 12600 468 
@ Not broken, 
50,000 
IRON C-SIMPLE BEAM LOADING 
N e IRON C-CANTILEVER BEAM LOADING 
\ © IRON D-CANTILEVER BEAM LOADING 
40,000 N — STRESS DETERMINED BY 
N BEAM FORMULA 
N --- STRESS DETERMINED FROM 
N STRESS-STRAIN DATA 
20,000 
a: NI 
” 
~ 
ke 
BROKEN 
10000 


4 10 
FRACTURE TIME -HOURS 
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(Gages mounted on steel tensile-test specimen. Readings were taken 
simultaneously on all gages.) 


easily determined. This is especially so in case of quasi-elastic 
materials, such as cast irons, where the premises of beam formulas 
do not apply, and strain measurements by conventional ex- 
tensometric devices are not readily made. 

SR-4 resistance-type strain gages were used to determine the 
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Fie. 6 Stress-Strain Curve ror Austenitic Cast Iron 


strain readings for the transverse loading of the stress-corrosion 
tests. To check the accuracy and sensitivity of the SR-4 strain 
gages a steel tensile-test specimen was made long enough to ac- 
commodate an Olsen extensometer (2 in. gage length), a '*/,.-in. 
SR-4 strain gage, and a '/s-in. SR-4 strain gage. Simultaneous 
readings of strains and applied load were taken. The results 
given in Fig. 5 show good agreement, especially when it is borne 
in mind that different gage lengths are involved. 

A typical tensile stress-strain curve for austenitic cast iron 
is shown in Fig. 6. Four SR-4 strain gages were mounted on a 
specimen as shown in Fig. 7, and the specimen was subjected to 
simple loading in the setup shown in Fig. 2. The applied loads 


(Simple beam loading.) 


were converted to stress as indicated by the beam formula and 
plotted against the corresponding strain as shown in Fig. 7. 
The apparent moduli by beam-formula fiber stress versus strain 
are considerably higher than those obtained from tensile stress- 
strain data especially at higher stresses. This emphasizes the 
fact that stresses determined from beam formulas deviate con- 
siderably from the true stresses. The stress-strain data shown 
in Fig. 7 were obtained on as-cast specimens not subjected to 
previous stressing. Cast irons are quasi-elastic materials. There- 
fore stressing will result in plastic deformation and alter the 
stress-strain characteristics of the material. When strain deter- 
minations on a quasi-elastic materia] are converted to stress, it is 
imperative that the stress-strain data used in the conversion be 
obtained on material of similar prior stress history. 
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Modern Methods in the Heat- 
Treatment of Steel 


By E. R. MERTZ,' BURBANK, CALIF, 


The construction of time-tempera- 0 


ture-transformation curves (S-curves) 
and their use in developing the inter- 


rupted-quench processes for steels are 


~ 


treated in this paper. Of these proc- 
esses, martempering, austempering, 


and cyclic annealing are explained in 
detail. Martempering results in greatly 


> 


reduced stresses in quenched parts, as 
compared to the conventional quench 


and temper method of hardening steel, 
and hence much less cracking and dis- 


tortionis apparent. Austempering, an 
isothermal process producing bainite, 


AUSTENITE, PER CENT 


develops surprisingly high impact prop- 


erties in the region of 250,000 psi or 50 80 


Rockwell C. Cyclic annealing is an Vis THEORETIFAL CURVE 


elevated-temperature isothermal an- 


nealing process to produce a_ prede- ie 


termined degree of softness, and saves ate 100 
much valuable time in the annealing 

of the higher alloy steels. The use of 
hardenability curves in establishing 
size limitations for particular heats of 


steel and in selecting accurate tempering temperatures is 
demonstrated. 


INTRODUCTION 


OST of the processes involved in the heat-treatment of 

steel depend upon the decomposition of austenite into 

one or more of its transformation products, and the 
physical properties produced depend upon the nature of the prod- 
uct or products formed. Austenite is a solid solution of carbon 
in iron which is stable (for most steels) only at elevated tempera- 
tures, and when it is cooled below a certain critical temperature 
the normal solubility of carbon in iron is reduced to a negligible 
amount. As a result, a reaction occurs which involves a change 
in the crystallographic structure of the iron, and in most cases 
the formation of iron carbide and/or other carbides. Bain and 
Davenport (1)? demonstrated that the product formed from the 
decomposition of austenite was dependent upon the temperature 


at which the reaction occurred rather than the speed at which the 
austenite was cooled. 


AUSTENITE Decomposition; S-CurvEs 


Fig. 1 illustrates how closely the isothermal transformation of 
austenite follows a first-order chemical reaction in which the rate 


' Associate Professor in General Engineering, University of South- 
ern California, Los Angeles, Calif. Formerly Research Engineer, 
Lockheed Aireraft Corporation. 
en in parentheses refer to the Bibliography at the end of 

paper. 
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at the Aviation War Conference, Los Angeles, Calif., June 11-14, 
1945, of Tue American Socrety OF MECHANICAL ENGINEERS. 
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understood as individual expressions of their authors and not those 
of the Society. 
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Fie. 1 Reaorion Rate or AustTentre Comearep tO THBORETICAL First-ORDER 


REACTION CURVE 


of reaction at any instant is proportional to the amount of react- 
ing material remaining. However, there are several notable 
deviations from a true first-order reaction. Such a reaction be- 
gins immediately at a maximum rate and continues at a con- 
stantly diminishing rate. Theoretically, it never reaches com- 
pletion. 

Austenite apparently goes through an incubation period 
before decomposition starts, does not reach its maximum rate 
until the reaction has progressed an appreciable amount, and does 
reach completion in a finite time. 

Bain and Davenport (1) studied isothermal transformation 
rates of austenite at various subcritical temperatures and plotted 
curves of temperature versus time for beginning and end of trans- 
formation. The result was the now familiar “S-curve.” 

Fig. 2 illustrates (2) how these curves were constructed. The 
progress of transformation at a chosen temperature was followed 
by quenching numerous thin samples from an austenitizing tem- 
perature into a molten metal bath maintained at the chosen 
temperature. Periodically, specimens were drastically quenched 
from the constant-temperature bath so that any untransformed 
austenite would be converted to niartensite, the product formed 
from austenite at low temperatures. Microscopic exami- 
nation of such specimens properly etched revealed the dark- 
etching pearlite or bainite in contrast to the lighter-etching 
martensite. 

Thus accurate data on the beginning and virtual end of trans- 
formation of austenite to pearlite or bainite were established, but 
the data on austenite to martensite transformation remained in 
doubt. Inasmuch as the formation of martensite apparently in- 
volves only a space-lattice change, it does not require time for 
diffusion. Hence many metallurgists were of the opinion that 
time was not a function of the process, and temperature was the 
controlling factor. 
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MARTENSITE FoRMATION; M, AND 


In a recent investigation Greninger and Troiano (3) were able 
to follow the progress of austenite to martensite formation by 
tempering for a short time at a higher temperature the specimens 
quenched into a low-temperature isothermal bath. The temper- 
ing treatment caused any martensite formed to etch darker than 
freshly quenched martensite, and microscopic examination re- 
vealed it in sharp contrast to that formed by quenching after the 
tempering treatment. The lighter-etching martensite formed 
by quenching after tempering, represented the untransformed 
austenite from the original isothermal quench. The re- 
sults of this investigation established that martensite forma- 
tion was essentially dependent upon temperature alone. At a 
given temperature a certain percentage of martensite was formed 
almost instantaneously and no more was formed unless the tem- 
perature was lowered. A constant-temperature product began 
to appear after a considerable time lag, which amounted to days 
or weeks at room temperature. This latter product was no doubt 
a result of diffusion, and was bainitic in structure. 

Fig. 3 represents a modified S-curve, or time-temperature- 
transformation (TTT) curve constructed by Cohen (3), in which 
the “timeless” nature of martensite formation is incorporated. 
The dotted line represents the beginning of formation of the 
isothermal product, which Cohen includes with bainite, 

The temperature indicating the beginning of formation of mar- 
tensite has been designated Mg, and that representing the end, 
M:. Fig. 4 is a curve constructed by Greninger (4) showing that 
the M, point decreases linearly with increasing carbon content. 
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Alloys have a similar effect on both the M, and Mr; point, as indi- 
cated in Fig. 5 by Payson and Savage (5). They have submitted 
the following formula for calculating the M, point, provided, of 
course, that the austenitizing temperature used is one at which 
all carbides will be completely in solution in the austenite. 


M, in deg F = 930 — 570 C — 60 Mn — 50 Cr — 30 Ni 
— 20 Si — 20 Mo— 20 W 


In many steels of high-carbon and high-alloy content the Mr 
point is well below room temperature, and considerable amounts 
of austenite are retained by conventional heat-treating proce- 
dures. The distortion of accurate gages after long storage may be 
explained by the eventual transformation of such retained austen- 
ite to the isothermal product formed at the storage temperature. 
Subzero treatment of such steels often transforms much of the 
retained austenite to martensite, giving a more uniform product, 
and in many cases a much harder one. 


INTERRUPTED-QUENCH PROCESSES 


Complete hardening of a steel part requires the formation of 
essentially 100 per cent martensite, necessitating a cooling rate 
at the center fast enough to miss the ‘‘nose”’ of the S-curve where 
much softer products are formed. Fig. 6 illustrates (6) the con- 
ventional quenching process. With rapid quenching the tem- 
perature gradient is sufficient to allow the surface of the steel to 
be almost wholly martensitic while the center is still wholly aus- 
tenitic. Thus when the center does transform, the expansion due 
to the austenite-martensite transformation produces tensile 
stresses in the rigid outer layer of martensite which are often suf- 
ficient to produce cracking or at least severe distortion. Such 
conditions may be minimized by quenching into an isothermal 
bath above the M, point and holding at temperature long enough 
to equalize the temperature throughout the cross section. Air- 
cooling from this temperature will produce complete hardening, 
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and the thermal gradient will be small enough to allow martensite 
formation to take place more uniformly from surface to center, 
minimizing residual stresses. This process is called ‘‘martemper- 
ing,” and is illustrated in Fig. 7 (6). The quenching is followed 
by the usual tempering treatment to produce desired properties. 
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Fig. 8 illustrates (6) a method of heat-treatment which elimi- 
nates the need for tempering. The process, known as “austemper- 
ing,” consists of quenching the steel into a bath held at a tem- 
perature where bainite is formed and allowing the austenite to 
transform isothermally to bainite. The selection of bath tem- 
perature determines the hardness of the final product. Steels 
treated in this manner show considerable improvement in im- 
pact resistance, especially in the vicinity of 50 Rockwell C hard- 
ness or 250,000 psi, as illustrated in Fig. 9 (7). This process 
has been applied successfully in the heat-treatment of certain 
springs, knives, chisels, and other parts where toughness com- 
bined with hardness is of importance. 

The annealing of steels by furnace-cooling to produce a soft, 
machinable structure is often a very slow process, especially in 
the higher-alloy grades which require very slow cooling to avoid 
somé hardening. Much valuable time may be saved by the use 
of the cyclic annealing process illustrated in Fig. 10 (6). An air 
furnace operating at constant subcritical temperature may often 
be substituted for the isothermal quench with little loss of time. 
The selection of isothermal temperature is dictated by a compro- 
mise between time consumption and desired hardness. Higher 
temperatures produce softer structures, but require longer time. 


HARDENABILITY 


The severity of quench required for complete hardening of a 
steel depends upon the reaction rate of that steel at the “nose” 
of the S-curve. If the cooling curve crosses the nose some pearl- 
ite and bainite will be formed, and a softer structure obtained. 
Another steel with more alloy might be completely hardened by 
the same quench, indicating that its reaction rate at the nose of 
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the S-curve was slower. Fig. 11 illustrates (7) this comparison. 
The fast cool completely hardens steel M, but incompletely hard- 
ens steel C, inasmuch as it crosses the nose of the S-curve. The 
construction of an S-curve for a given heat of steel is very time- 
consuming, so other methods of determining the hardenability of 
steels are used. Most popular is the end-quench hardenability 
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Fie. 12 Stranparp Enp-Quenca HARDENABILITY CURVES FOR AN 
NE-8740 Stee. 


test devised by Walter E. Jominy. This test makes use of the 
fact that a heated steel bar, quenched only on the end by a jet 
of cold water, will have a very rapid cooling rate at the 
point of impingement of the water jet, and a continually de- 
creasing cooling rate at increasing distances from the 
quenched end. Inasmuch as such cooling rates have been es- 
tablished, a longitudinal hardness traverse of an end-quenched 
bar will determine what cooling rates are necessary to produce 
specific hardnesses in the steel from which the bar was made. 
By correlation of these cooling rates with known cooling rates in 
fully quenched bars, the hardnesses in such bars may be predicted. 
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Fie. 13 Stanparp Enp-Quencn HaRDENABILITY CURVES FOR AN 
8.A.E. 1040 Stee. 


Figs. 12 and 13 show end-quench hardenability curves for two 
steels. These are supplemented by curves for the same steels 
tempered at various temperatures. 


CoRRELATION OF HARDENABILITY Data TO Cross-SECTIONAL 
Harpness Data 


Figs. 14 and 15 are correlation charts to be used in conjunction 
with hardenability curves to convert rapidly end-quench hardness 
values to cross-sectional hardness values. These charts were 
constructed by plotting established cooling rates (8) as abscissas 
against section size as ordinates. Cooling rates are necessarily 
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on the same scale as those which appear in Figs. 12 and 13. 
Construction lines are deleted to avoid confusion. For use, the 
correlation charts are constructed on transparent paper or copied 
on photographic film. The use of the water-quench correlation 
chart is illustrated in Fig. 16. The chart is superimposed on Fig. 
13 so that the vertical index line at the left falls on the left border 
line of Fig. 13. By sliding the chart up or down (keeping the ver- 
tical lines indexed) hardness values are read at the intersection 
of the hardenability curve and the selected bar size and section- 
location curves. In Fig. 16 point A indicates that the center of 
a 1-in. round of this heat of S.A.E. 1040 steel would have a hard- 
ness of approximately 38 Rockwell C when quenched in water. 
To find the anticipated hardness halfway between the surface 
and the center, the correlation chart is moved up until the junc- 
tion of the half-radius and 1-in. curves intersects the hardenability 
curve. Here a hardness of 48 Rockwell C is obtained. The oil- 
quench correlation chart is used in a similar manner. 

These correlation charts permit the rapid translation of harden- 
ability data to cross-sectional hardness data for various tempering 
temperatures as well as the as-quenched values by using temper- 
ing curves like those appearing in Figs. 12 and 13. They also 
permit the rapid determination of hardness depth for incom- 
pletely hardened parts and the establishment of limiting size of a 
given steel for a particular quench when a minimum acceptable 
hardness has been decided upon. 
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Elevated-Temperature Stretch-Flanging 
of Some Aluminum Alloys 


By E. G. THOMSEN,' D. M. CUNNINGHAM,? ano J. E. DORN? 


Many aircraft parts consisting of a flat web and a concave 
flange are produced by rubber-die-forming on a hydro- 
press. The forming action consists of bending the flange 
around the die radius and stretching the outer fiber of 
the flange from its original length to that which is achieved 
when it contacts the die. Several types of failures and 
defects are encountered, the most important being a 
radially directed fracture initiated at the outer fiber 
of the flange. When this fracture occurs without necking, 
the maximum per cent stretch that may be produced 
approximates the per cent local ductility in the tension 
test. If, however, fracture is preceded by necking, 
the permissible per cent stretch is intermediate between the 
uniform and local per cent strain in tension. Increasing 
the forming temperature permits greater per cent 
stretches for some of the more-ductile alloys. 


INTRODUCTION 


ANY aircraft parts consist of a flat web with a concave 
M flange. Such parts are usually produced by rubber-die- 
forming on a hydropress at atmospheric temperature. 
Although many aircraft materials exhibit ample deformation to 
permit successful forming of concave flanges, other materials, 
particularly those in the aged condition, have such limited de- 
formability that satisfactory flanges cannot be produced. The 
Western Aircraft War Production Council recommended that 
the War Metallurgy Committee investigate the mechanics of 
concave flanging and the possibilities of improving this operation 
by forming at elevated temperatures. This report is based on 
investigations conducted by Project NRC-548 for the Office of 
Production Research and Development of the War Production 
Board. 

The rubber-die hydropress-forming of concave flanges has been 
described in several papers.‘:*§ A blank of radius R,, as illus- 
trated in Fig. 1, is placed on a die block having a contour radius 
R, somewhat greater than R,. As the rubber contained in the 
head of the press is impressed against the die, the blank is bent 
around the die radius along the die contour line until the formed 
flange touches the die. Since the extreme fiber of the flange is 
stretched from a radius R, to the larger radius it assumes when 
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Fic. 1 BLank AND FLANGED Part or Dig 


contact is achieved, the operation is commonly called stretch- 
flanging. 


EXPERIMENTAL PROCEDURE 


Scope of Investigation. Tests were planned to determine the 
stretch-flanging limits of a number of aluminum-alloy sheet 
materials at forming temperatures of 70 F, 300 F, 400 F, and 450 
F. The maximum temperature of 450 F was selected because of 
rapid deterioration of the rubber pad at higher temperatures and 
possible detrimental changes in physical properties of some of the 
precipitation-hardened alloys. The general survey of the effect 
of temperature on the stretch-flange formability was carried out 
on a 4in-contour-diam die with blanks having 360-deg flange 
sectors. Spot tests were made on other variables, such as other 
contour diameters, sheet thicknesses and sector lengths, in order 
to observe the major trends introduced by these variables. 

Materials. The standard aluminum sheet materials that were 
investigated included 3S-O, 52S-O, 24S-O, 61S-O, 75S-O, 24S-T, 
248S-T86, 61S-T, R301-T, and 75S-T covering thicknesses from 
0.020 in. to 0.081 in. 

Equipment. The hydropress consisted of a modified 200-ton 
aircraft-type press. The platen was 15 in. wide and 28 in. long 
arranged with electric-resistance heaters and automatic tempera- 
ture control. 

The normal platen pressure was 1050 psi, but pressures as high 
as 7000 psi were obtained with special platens and rubber heads. 
The mild-steel die blocks had contour diameters of 3, 4, 6, and 8 
in.; %/is-in. bend radii were provided on all dies in order to 
eliminate bend failures. 

Specimens. The specimens were sheared from sheet stock 
with die-locating holes and blank pilot center hole jig-drilled. 
The desired blank-hole diameter was machined with a fly cutter 
to an accuracy of 0.010 in. of the nominal blank-hole diameter. 
All blank holes were polished with 2/0 Behr Manning polishing 
paper after machining, in order to provide uniformly controlled 
edge conditions. 

Experimental Technique. The specimen blanks were preheated 
to the forming temperature for 10 min in an air furnace and 
rapidly transferred to the die block. A light layer of asbestos 
powder was screened over the blank in order to prolong the useful 
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life of the rubber pad. The press head was then moved against 
the platen to a predetermined pressure which permitted complete 
forming of the blank. A series of blanks were thus formed with 
blank-hole diameters varying in steps of 0.10 in. (flange widths 
varying in 0.05-in. steps). The critical blank diameter was 
evaluated as the minimum diameter that was successfully formed. 
Frequently in the region of the critical diameter a specimen 
would fracture, whereas a duplicate specimen would form success- 
fully. In this case the critical value of blank diameter was 
taken as the larger and more conservative value. 

In order to obtain forming temperatures in the blank approach- 
ing those of the die it was necessary to hold the blank under 
light pressure for 1 min between rubber pad and heated die before 
forming the stretch flange. All temperatures reported herein are 
those of the heated die but represent the blank temperature to 
within 10 deg F. 

Geometry of Stretch Flanges. The simplest type of stretch 
flange consists of a 360-deg sector produced on a block having a 


90-deg die angle. For this type flanze the per cent stretch of the 
outer fiber of the flange is simply 
Per cent = x 109 (1) 
> 


As smaller values of R, are employed the per cent stretch of the 
outer fiber of the flange increases. Finally a critical value is 
reached resulting in fracture of the flange. The maximum per- 
missible stretch is given by 


Per cent = ( 1) (2) 
Ry min 
and the corresponding true strain is 
[3] 
min 


If the sector angle is less than 360 deg, another geometrical factor 
enters the analysis. The induced circumferential tensile stresses 
causing stretching vanish at the sector edges and the per cent 
stretch that is obtained becomes less than the value calculated 
from Equation [1]. The actual stretch is therefore less than the 
theoretical stretch, and consequently flanges of greater heights 
may be produced without encountering failures. 

For small sector angles, the are length of the flange approaches 
the corresponding chord length. Since the energy that is re- 
quired to form a straight flange is less than that required for a 
curved flange of the same contour length, flanges of small sector 
angle frequently form straight flanges along the chord. 

In order to produce a part having a flange at 90 deg to the web, 
the part must be slightly overformed so that the desired angle is 
obtained after springback. The per cent stretch for dies having 
angles that differ from 90 deg is derived in Appendix 1. 


EXPERIMENTAL RESULTS 


Types of Fracture. The forming of stretch flanges is limited by 
several forming defects and failures which are shown in Fig. 2, 
and are briefly described as follows: 

(a) Stretch Rupture. Stretch rupture, illustrated in Fig. 
2(A), is the most common type of forming failure. This type of 
fracture was encountered in most of the 360-deg flanges that were 
tested. Two types of fracture were observed. The annealed 
alloys at all temperatures and some of the precipitation- 
hardened alloys at 450 F exhibited local necking preceding 
fracture; some of the precipitation-hardened alloys fractured 
without necking at the lower temperatures. 

(6) Bulging Rupture. The second type of rupture which 
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limits the formability is shown in Fig. 2(B), and was named a bulg- 
ingrupture. This type of rupture was obtained when small blank- 
hole diameters were employed. Instead of forming a flange the 
blank bulged in a manner similar to that obtained in the absence 
of acentral hole. Fracture occurred along the die-contour radius 
before the outer fiber reached its limiting ductility. This type of 
fracture was not obtained when the hole diameter was increased 
to the critical value for stretch rupture. 

(c) Bend Cracks. If the die bend radius is too small the 
strains of the fiber on the top surface of the blank may exceed the 
permissible strain before the outer fiber of the flange reaches its 
critical stretch value, resulting in fracture of the upper surface of 
the blank along the die bend radius. This type of fracture is 
shown in Fig. 2(C). In the present investigation the die bend 
radii were maintained sufficiently large to prevent the formation 
of bend cracks. 

(d) Incomplete Forming. In forming stretch flanges the 
blank is bent as well as stretched. Consequently the pressure re- 
quired for forming stretch flanges is greater than that required 
for straight flanges. If the pressure is not great enough an in- 
completely formed flange results, as shown in Fig. 2(D). The 
pressures for the present investigation were maintained suffi- 
ciently large to insure contact of the outer fiber of the blank and 
the die. 

(e) Canning. Canning, as shown in Fig. 2(E), results from 
springback after forming. No attempt was made to evaluate 
completely the springback after forming, but it was observed that 
the springback for stretch flanges is slightly less than that for 
straight bends for the same conditions of forming temperature, 
sheet thickness, and bend radius. 


Mazimum Per Cent Stretch. The effect of temperature on the 
maximum per cent stretch that may be achieved in a number of 
aluminum alloys is shown in Fig. 3. It is evident from these 
curves that increased stretch-flange formability is achieved at 
temperatures above 300 F for all alloys investigated. Each alloy, 
however, exhibits its own peculiar maximum per cent stretch- 
temperature curve. 
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120 dence of necking. Many alloys that neck when 
| tested in simple tension do not neck when stretch- 
110 flanged. 
o p*-61S-O An estimate of the maximum per cent stretch is 
© 100 A _75S-0 possible for alloys that do not neck when stretch- 
: V flanged. Since the outer fiber of the flange is known 
ad 90 | 52S-0 by grid analyses to be essentially stressed by simple 
b x ” circumferential tension, it is logical to assume that 
80 stretch rupture is initiated when the circumferential 
xr tension stress equals the true fracture stress in ten- 
ad 70 sion. This assumption implies that the maximum 
wW true strain for stretch-flange forming should approxi- 
* 60 mate the true local strain in tension defined by 
Ao 
a 
40 where 
= 30 Ao = original cross-section area 
> 8 A, = cross-section area at fracture 
= 20 A comparison of the maximum true stretch with ten- 
= sion data,’ obtained from standard A.S.T.M. speci- 
10 mens, shown in Fig. 5, illustrates the agreement that 
may be expected. Materials 24S-T86 at all tempera- 
re) tures, R301-T and 75S-T up to 300 F, and 24S-T up to 
1@) 100 200 300 400 500 400 F exhibited stretch ruptures without evidence 
a of necking. For these conditions the maximum true 
TEMPERATURE, °F. stretch approximated the true local strain in tension. 
Fic. 3) Errect or TEMPERATURE ON Maximum Per Cent STRETCH In all other cases necking preceded fracture, and the 


A few tests were made to evaluate the effect of contour radius 
on the maximum per cent stretch. Materials which necked dur- 
ing flanging yielded decreasing per cent stretch with increasing 
contour radii. 

The effect of thickness was studied for 24S-O and 61S-T formed 
at atmospheric temperature on a 6-in-contour-diam die. Slightly 
greater per cent stretch was observed as the thickness was in- 
creased from 0.020 to 0.081 in., but results were too varied to war- 
rant a more definite statement. 

The effect of the angle of sector of the blank on the maximum 
per cent stretch is given in Fig. 4 for atmospheric and 450 F 
forming temperatures. The plain open and solid circles refer to 
maximum per cent stretch limited by stretch fracture, whereas 
the crossed symbols refer to maximum per cent stretch limited by 
fracture at the edge of the segmented blanks near the die bend 
radius. For the two alloys investigated the maximum per cent 
stretch with atmospheric-temperature forming rises mod- 


maximum true stretch that could be achieved was 
intermediate between the true uniform and the true local strains in 
tension. Thus the maximum true stretch that can be achieved 
in the absence of necking approaches the true local strain at frac- 
ture in tension. 
No satisfactory analysis is available for predicting the stretch- 
flange-forming limits of materials under conditions where necking 
isobtained; the maximum true stretch is significantly greater than 
the true uniform strainin tension. Since necking is known to be- 
gin when the resistance to the forming load passes a maximum 
value, it is logical to suspect that necking in stretch-flanging re- 
quires a complete analysis of the stress and strain distribution in 
the entire flange. Thus changes in contour diameter may affect 


- 


7“Tensile Properties Affecting the Formability of Aluminum- 
Alloy Sheet at Elevated Temperatures,’”’ by A. E. Flanigan, L. F. 
Tedsen, and J.E. Dorn. Tobe published in the Journal of the Aero- 
nautical Sciences. 


erately with decreasing sector angle to a maximum at ap- 160 

proximately 90 deg. Blanks with sector angles of 30 deg ° 140 a seu 6 a 
could not be fractured at all forming temperatures. At 24S-T e 
450 F alloy 24S-O could not be fractured with sector angles « of 120 > 
of 90 deg or less, 

Discussion of Results. A major objective of investiga- xr pia ae 
tions on the formability of metals is the development of a - _32ee a 
useful philosophy that will permit the prediction of forming wW 
limits from a few simple, easily obtainable test data. Most Ee 
metal-forming processes, however, are so complex that this 7 Witiebecs.... ree 
objective has not been completely achieved; stretch flang- 
ing is not an exception. The results of this investigation, 
however, show that the forming limit for stretch flanges can = 
be approximated in a few simple cases. a % 30 60 90 180 360 


The fracture causing a stretch-rupture failure during 
forming starts at the outer fiber of the flange. Although, 
in some alloys, local plastic action precedes fracture in this 
critical region, in other alloys fracture occurs without evi- 


ANGLE OF SECTOR, DEG. 


Fic. 4 Errect or ANGLE or Sector ON Maximum Per CENT 


STRETCH 


; 

; 

: 
» 

2 

AL. 
2 
| 
re 
es 
q 435 
eds 


646 TRANSACTIONS OF THE A.S.M.E. 


2.0 1.0 
3S-0 
24S-T86 
| | T 
2.0 1.0 
52S-0 | 
2.0 1.0 
T 4 
61S-O 
2 1.5 61S-T 
0.5 = | e- owe 
~ 24S-T 
3 1.5 
75s- 7 


© 100 200 300 400 500 O 100 200 300 400 500 
TEMPERATURE, °F. 


——— In(A./A) = True strain at fracture in the tensile test. 
Pe . In(l,/lo) = True maximum uniform strain in the tensile test. 
——— In(R./R,) = Maximum stretch in stretch flanging. 


Fic. 5 Comparison oF STRETCH-FLANGING Data WITH TENSILE 


the per cent stretch. The complex distribution of stresses in the 
flange are not yet known and therefore complete knowledge of 
stretch-forming limits will have to await the development of this 
involved analysis. 


SUMMARY AND CONCLUSIONS 


1 Forming of 360-deg-sector stretch flanges in a number of 
aluminum alloys is limited by stretch rupture, radius-bend 
cracks, or available press pressure. 

2 Materials 24S-T, 24S-T86 and 75S-T fractured without 
evidence of necking when formed at 70 F to 300 F; for all remain- 
ing materials and temperatures investigated, fracture was pre- 
ceded by necking except R301-T at 70 F. 

3 The maximum per cent stretch obtained with 24S-T, 24S- 
T86, and 75S-T agrees closely with the local ductility in tension 
when formed at temperatures of 70 F to 300 F; between 300 F and 
450 F some necking preceded fracture. 

4 The maximum per cent stretch for 3S-O, 52S-O, 24S-O, 
618-0, 75S-O, and 61S-T falls between the local and the uniform 
per cent strain in tension for all temperatures investigated. 

5 Higher stretch-flange-formability may be achieved with a 
3-in. than with an 8-in-contour-diam die at a forming tempera- 
ture of 70 F for alloys 24S-O and 615S-T. 

6 Increasing thickness from 0.020 in. to 0.064 in. results in 
higher stretch-flange-formability for alloys 24S-O and 248-T 
when formed on a 6-in-contour-diam die and 70 F. 

7 Sectors may be formed to a greater flange height than 360- 
deg flanges for 24S-O and 248S-T. 

8 Springback of stretch flanges is slightly less than for 
straight bends for the same die radius and sheet thickness, 
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Appendix 1 


Per Cent Stretcu FoR 360-Dea FLANGES 


Assuming that the changes in thickness and length are minor, 
an approximate calculation of the effect of the die angle on the 
stretch is readily obtainable from Fig. 6, 

Let 


= w’ + Ry 

= l— 

+ Ry tan 
l=w-+ R, tan 


l= R,— Ry + Ratan 


R,— Ry + Ry tan — + Ratan 


R= R, — l'cos ag = 


+ Ra wa) | oo 
R—R, R. 


Accordingly, the true strains of the outer flange fiber are 


R R, JR. Ra 


Actually, the length l’ is somewhat smaller than assumed in the 
foregoing analysis owing to simultaneous thinning of material and 
shortening of the flange during stretching. Usually this factor 
may be neglected, as it is generally a small correction term. 
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Folding in Tube-Sinking 


By GEORGE SACHS! anno W. M. BALDWIN, JR.? 


An experimental study of the folding tendency of tubes 
during the process of sinking was made. It was deter- 
mined that tubes with a fold-free point, having a wall 
thickness of less than 1 per cent of the diameter, can be 
sunk without folding. However, if it is attempted to 
sink tubes with points containing folds beyond a certain 
critical reduction, the fold contained in the point will be 
perpetuated throughout the length of the tube. This 
critical reduction increases almost linearly with the ratio 
of thickness to diameter of the tube, and is little affected 
by the die angle, the metal, and its temper. The length 
of the fold during its formative period is found to increase 
with increasing reduction, with decreasing relative thick- 
ness, and to be relatively unaffected by die angle. The 
stress required to sink a tube with folds was found to 
increase only slowly beyond the limiting stress for sinking 
such a tube without folding to the smallest possible 
diameter. 


NOMENCLATURE 
-_ HE following nomenclature is used in the paper: 


A = cross-sectional area of tube 

D = mean diameter of tube 

L = gage length of tube 

P = force required to sink tube 

8, = average longitudinal tension in sinking 
t = wall thickness of tube 


Nore: o as a superscript refers to original dimensions. 
Primed symbols refer to final dimensions. 


INTRODUCTION 


Certain metal-forming operations are performed in such a 
manner that the metal is not completely constricted in its flow by 
the forming tools, with the result that the metal may escape the 
desired or intended shaping by buckling or folding. Of these 
operations, the following are industrially important: 

“Sinking,”’ where a tube is drawn through a die without sup- 
port on its internal surface. Circumferential or hoop stresses 
may cause the tube to fold along its length if the wall of the tube 
is thin, Fig. 1 (a). 

“Necking,”’ ‘tapering,’ and ‘“‘nosing,’”’ where a tube is pushed 
through a die without internal support. In this case the tube 
may fold along its length, Fig. 1 (6), but may also develop trans- 
verse folds under the action of longitudinal stresses, Fig. 1 (c). 

“Stripping,” where a shell or cup is removed from a draw 
punch. The cup is supported on its internal surface by the punch 
but not on its exterior surface. The longitudinal compressive 
stresses may therefore develop transverse folds, Fig. 1 (d). 
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SINKING NECKING 
(a) (0) (d) 
STRIPPING CUPPING SPINNING 
(d) (e) 169) 
Fic. 1 Various INpusTRIALLY ImporRTANT PLastic-FORMING 


OPERATIONS IN WuIcH Can Occur 


“Cupping,” or “deep drawing,” where a blank is pushed by a 
punch through a die, forming a cup or shell. The sheet cannot 
always be supported sufficiently by holddown pads to prevent 
radial wrinkles or creases caused by compressive hoop stresses, 
Fig. 1 (e). 

“‘Spinning,’”’ where a sheet is rotated in a lathe while forming 
tools work the sheet onto a forming block to produce a cup. 
Circumferential stresses again can develop radial wrinkles, Fig. 
1(f). 

These folds and wrinkles appear to be specific cases of the 
general class of buckling failures and as such are characterized 
by two features: (a) they occur in “slender’’ articles, i.e., in thin 
metal, and (b) they are caused by compressive stresses lying in 
the plane of the sheet or the wall of the tube and acting in a direc- 
tion normal] to that in which the fold occurs. 

The only one of the phenomena described which has been made 
the subject of theoretical considerations is the wrinkling of a 
deep-drawn cup (1).4 However, this analysis has been applied 
principally in predicting the number of waves into which the 
flange would buckle rather than to the limiting conditions under 
which the cupping operations could be successfully conducted. 

In the present work the factors involved in the folding or 
collapsing of tubes being sunk will be studied experimentally. 
The variables studied will be the alloy, its temper, the wall thick- 
ness of the tube, and the die contour. 


MATERIALS AND PROCEDURE 


For the experimental investigation tubes of four different ma- 
terials were used: (a) hard phosphorus-deoxidized copper (Rock- 
well 30-T, 59-66); (6) soft phosphorus-deoxidized copper (an- 
nealed 1 hr at 1000 F in a forced-convection furnace); (c) soft 
tube brass (66.5 per cent copper, 0.5 per cent lead, balance zinc, 
annealed 1 hr at 1000 F); and (d) soft aluminum (2S, annealed 15 
min at 600 F). 

The tubes were drawn commercially to different diameters 
ranging from 0.580 to 1.375 in., and possessed a wall thickness 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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varying between 0.009 to 0.050 in. In the case of the hard cop- 
per, the reduction in cross-sectional area after the last anneal] (but 
before sinking) was approximately 50 per cent. 

Tube specimens, approximately 40 in. long, were drawn 
through three different sets of conical steel dies, possessing half 
die angles of 7, 14, and 27 deg, respectively, to an outside diameter 
ranging from 0.375 to 1.800 in. The polish on the 7-deg die was 
inferior to that of the 14- and 27-deg dies. 

Two types of points were put on the tubes, i.e., a folded point 
and a fold-free point. The first type of point was obtained by 
first flattening the tube, and then folding the flattened section 
under as shown in Fig. 2 (aand 6). The fold-free point was ob- 
tained by sinking a tube progressively with a folded point in 
sufficiently small steps for a short length of the tube to eliminate 
the fold, Fig. 2 (c). 


Fic. 2 Procepure or Porntinc TuBE 
(a, Flattened tube end. 6, Flattened section folded under. c, Tube 


drawn in a series of reductions which eliminates folds and produces 


“fold-free” point.) 


The sinking was performed on either an Olsen 60,000-lb, or 
a Baldwin Southwark 100,000-lb tensile-testing machine, at a 
speed of approximately 0.5 fpm. For this purpose a special die 
holder was attached above the upper jaw of the testing machine 
and the point of the tube was gripped and pulled with the regular 
lower jaw. A commercial soap-base lubricant with a high free- 
fat content (Nopco No. 6) was employed. 

The load required to sink the tube was generally found to re- 
main constant within +5 per cent over the entire length of each 
tube. 

Micrometer measurements were made on both the initial and 
the drawn tube in order to compute the sinking stress s,, and the 
reduction in mean diameter, D. The sinking stress was calcu- 
lated from the formula 


The significant strain for the strain-hardening of the metal in 
tube-sinking is the reduction in mean diameter for those cases 
where the wall thickness increases during the operation. This 
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was the case for all tubes investigated since in no instance did 
the ratio of the wall thickness to mean diameter exceed 0.05, at 
which value, according to Baldwin and Howald (2), the wall 
thickness increases for reductions in outside diameter as high as 
50 per cent. 

This reduction in mean diameter R was computed by means 
of the equation 


R=1—— 


The relative thickness of a tube is defined in the present work 
as the ratio of the wall thickness of the tube to the mean diameter 
of the tube, 

If no restriction were put on the angle at which the tube en- 
tered the die, the tube would assume a cant, especially with the 
heavier drafts, when a fold was being perpetuated, Fig. 3. In 
general, the cant was toward the fold when the tube was sunk 
through wide-angJe dies, whereas the tube assumed a cant away 
from the told in the case of the narrow-angle die, although there 
were a few exceptions to this general rule. Experiments conduc- 
ted with a restricting cage to force the tube into an axial position, 
however, showed that this factor had a negligible effect on the 
critical reductions that could be made. 


THEORY OF FOLDING 


The folding during tube-sinking and the closely related process 
of necking (primarily observed in cartridge cases) are, according 
to all external appearances, phenomena of plastic buckling, Figs. 
12 to 14, inclusive. The stress responsible for folding is clearly 
the compressive hoop stress. This hoop stress varies for a fold- 
free tube along the length of the tube portion in the die, being 
determined for a given material primarily by the reduction from 
the original to the considered cross section. 

If certain unknown conditions, regarding the magnitude and 
distribution of the hoop stresses required to draw a fold-free tube, 
exist the tube wall would be expected to collapse. It was 
therefore believed at the beginning of this investigation, that 
folding during tube-sinking might be closely related to the col- 
lapsing of a tube under external pressure. In any buckling proc- 
ess one of the decisive factors is the metal thickness; and the 
expected effect of wall thickness was also found to occur in fold- 
ing, as discussed later. In the case of collapsing, increasing 
length of the portion exposed to pressure reduces the unit col- 
lapsing rressure (3, 4, 5,6). The conclusion to be drawn from this 
fact, that a sunk tube drawn with an acute die (i.e., a Jong con- 
tact length) should collapse after a smaller reduction than a tube 
drawn through a large-angle die, has not been verified by the 
following experimentation. 

In addition, it was found that no folds could be obtained 
within the limits of the investigated dimensions without the 
presence of a preformed fold. Therefore the phenomenon of 
folding probably is not related to a true buckling process, but 
comprises a new problem of plastic flow. The results of this in- 
vestigation may help to reveal the nature of this problem, which, 
of course, must be recognized before any theoretical analysis can 
be attempted. 


EXPERIMENTAL RESULTS 


Sinking of Tubes With a Fold-Free Point. As alteady men- 
tioned, it was not found possible to collapse any tube with a fold- 
free point. The circular contour appears to be highly resistant 
to buckling, even in tubes with the thinnest wall and subjected io 
the highest possible reduction. An extreme example was so!t- 
copper tube with D’ = 1 in. and ? = 0,009 in. (i.e., a ratio 
t?/D® = 0.009) and a reduction in mean diameter of approxi- 
mately 50 per cent. 
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(a) (0) 


Fie. 3 Tuses a Cant WHEN SunkK FoLps 


(a, Tube in a 27-deg die. 6, Tube removed from 7-deg die showing cant away from fold. 
showing cant toward fold.) 


Fic. 4 oF LuBRICANT BETWEEN TUBE AND Die 


(If the tube was prepared with a fold-free point whose angle was greater 
than that of the die, the lubricant could be entrap in the cavities A-A. 
Being incompressible, it would force folds into the tube being sunk.) 


Such fold-free tubes, however, are obtained only if the tubing 
is free from dents, and seams. In addition, it was observed that 
any lubricant entrapped between the die and tube surface caused 
folding, as illustrated schematically in Fig. 4. 

The same facts were found also to exert a considerable in- 
fluence in the necking of cartridge cases. A high percentage of 
rejections encountered in regular production was eliminated in one 
instance by avoiding any denting on handling the mouth of an- 
nealed cases, and in another case by designing the die contour 
such that no lubricant was entrapped in successive tapering opera- 
tions. 

Conditions for the Development of Folds in Sunk Tubing. Either 
one of two cases occurred when drawing a tube with a folded 
point: When subjected to small reductions in diameter, the re- 
sulting tube was fold-free, while beyond a certain reduction it 
folded along its entire length. Close to this limiting reduction 
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(c) 


c, Tube removed from 27-deg die, 


the fold was eliminated only after the tube was drawn for a con- 
siderable length, occasionally as much as 12 in. 

In the case of a tube which contained folds when sunk, the re- 
duction in mean diameter possesses no physical significance. In 
order to evaluate the data, however, it is necessary to know what 
reduction could have been attained if folding had not occurred. 


70 
FOLDED 
@ NO FOLDS 
60 


REDUCTION IN MEAN DIAMETER 1- go PERCENT 


0.02 


003 
RELATIVE THICKNESS RATIO 


0 ool 0.04 0.05 0.06 


Fic. 5 Typicau Set or Data on 
(For soft copper sunk through ory steel die having a half-angle of 
eg. 


2 
3 
TUBE 
bed 
/ 
| 
¥ 
0 
JO 
0, 
4) 
e 


650 


70 
& —— - — SOFT COPPER 
TUBE BRASS 
-- + +++ -» 2S ALUMINUM 

5 
af 
~ 

| 
— 
: 
J 

> 
9 
¥ 

| 

re) 0o/ 0.02 0.03 0.04 0.05 0.06 


RELATIVE ‘'THICKNESS RATIO 


Fic. 6 Limitinc Repvuction To Wuicn TusBes or DIFFERENT 
Meta. May Sunk UsinG Foupep Points 
(Data for 7-deg dies.) 


70 
~ 
60 
—-— SOFT COPPER 
2S ALUMINUM 
———— TUBE B8RASS 
50h 
ah HARD COPPER 
| | 
& 40 
= 
x 
8 
> 
= 20 Py 
S$ 
2 
OLE. | 
0.02 0.03 0.04 0.05 0.06 
RELATIVE THICKNESS RATIO 


Fic. 7 Liwitinc Repuction to Tuses or DirreERENT 
Metats May Be Sunk Usineo Foupep Points 
(Data for 14-deg dies.) 


‘This intended reduction was obtained by interrupting the sinking 
process, which produced folds; preparing the tube with a fold-free 
point; and then resuming the sinking process without fold- 
ing. The (intended) reduction was then taken as that of the 
fold-free tube. 

A typical set of experimental data is represented in Fig. 5. 
it assembles the results obtained on tubes of varying wall thick- 
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ness of a particular alloy and drawn through a particular die. A 
solid line has been drawn separating the conditions where a fold 
was perpetuated in the sinking process from those conditions 
where folds are eliminated. This graph illustrates the degree of 
accuracy in determining the dividing line between folded and 
fold-free tubing. In general, the position of this line appears to 
be accurate within approximately +3 per cent reduction. 

In Figs. 6 to 8, inclusive, all the experimentally determined 
boundary lines are shown for the three different dies, the various 
curves in each graph belonging to the different alloys. These 
graphs illustrate that the reduction in mean diameter, up to 
which a tube can be sunk fold-free depends primarily upon the 
relative thickness of the tube. In general, it increases slightly 
faster than proportional to the reduction, for all conditions in- 
vestigated. Any one of the investigated alloys could be sunk 
with any one die to the commercial reduction limit of approxi- 
mately 50 per cent, if the wall thickness is larger than 5 per cent 
of the outside diameter. On the contrary, no tube investigated 
possessing a wall thickness of approximately 1 per cent of its 
diameter could be drawn fold-free (with a folded point) by more 
than approximately 10 per cent reduction. 

This relation was found to be comparatively independent of 
either the alloy, according to Figs. 6 to 8, inclusive, or the die 
angle, according to Figs. 9 to 11, inclusive. A possible effect of 
the alloy, exceeding the accuracy limits of experimentation, was 
observed only for the wide-angle 27-deg die. Contrary to ex- 
pectations for a buckling phenomenon, hard copper could be 
sunk fold-free to higher reductions than soft copper. 

Also, regarding any effect of die angle, it could haye been ex- 
pected that a large-angle die, because of its length of contact, 
would permit larger reductions than an acute die. Numerous 
investigations on the collapse of tubes when subjected to external 
pressure reveal a profound effect of specimen length on col- 
lapse pressures (3, 4, 5,6). It would normally be expected that 


this effect would apply to tube-sinking if the fold development was 
a phenomenon of buckling. 
Observations on Fold Development. 


This anomalous behavior 
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is more readily understood, however, if the geometry of the fold is 
studied. The manner in which the fold is perpetuated along the 
length of the tube is illustrated in Figs. 12 to 14, inclusive. The 
point of inception of the fold is shallow, but as the metal proceeds 
through the die, the fold deepens generally, first becoming 
broader and then narrower. When the metal leaves the die the 
edges of the fold are brought together. This cycle occurs for all 
reductions, heavy or light. The length of the fold depends pri- 
marily upon two factors, i.e., the intended reduction Fig. 12, and 
the relative thickness, Fig. 13. It is, however, practically inde- 
pendent of the die angle, other factors being constant, Fig. 14. 
Consequently, the point of inception of the fold may be either 
inside or outside of the die. It appears interesting that the die 
contour, and consequently the length along which the forces act, 
which cause the reduction in diameter, has practically no effect 
on the fold development. 

The length of the fold was measured for a number of soft cop- 
per tubes drawn through the 27-deg die, Fig. 15. The critical 
reductions for the various relative thickness ratios have been 
also entered in Fig. 15, as arrows. It is seen that the length of 
fold at the critical point is roughly equal to the diameter of the 
initial outside diameter. 

In fold-free sinking the reduction in diameter causes the 
length of the tube to increase, while the thickness remains prac- 
tically constant, as mentioned previously. If the formation of 
a fold were merely a matter of the tube wall being folded into a 
lobe as the tube was drawn through the die, little change in the 
cross-sectional area of the original tube would be anticipated. 
The reduction in diameter would then cause primarily a bending 
in the area containing the fold, while the remaining portion of the 
cross section would be only slightly curved. Such a process 
would result in no change in length of the tube. Some measure- 
ments, however, reveal that during the sinking of a folded tube 
the cross-sectional area is definitely reduced and that, conse- 
quently, the entire cross section is subjected to plastic flow. 

To determine any increase in length, 2-in. intervals were 
scribed along the length of tubes. The tubes were sunk with 
folds, and the segments were then measured. From the assump- 
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tion that the volume of the metal remains constant during plastic 
deformation, the ratio of the initial length to the final length of a 
tube section yields the reduction in cross-sectional area affected 
by the process 


R 


In Fig. 16 the reduction in area determined in this manner is 
plotted as a function of the intended reduction (in mean diame- 
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Fic. 12 Lenets or Fotp Durinc Formative Periop as A FUNCTION OF INTENDED REDUCTION IN MEAN DIAMETER 


(All tubes were 1 in. X 0.020 in. soft copper [t°/D° = 0.021] sunk through Sidon Sim. Left to right: sunk to 0.500 in. diam, sunk to 0.650 in. diam, 
sunk to 0.750 in. diam, respectively. Slightly larger than natural size.) 


Fie. 13 or Durtne Pertop as A Func- 
TION OF RELATIVE THICKNESS 
(Left-hand tube is a 1-in. X 0.020-in. soft copper tube [t?/D® — 0.021 
to 0.500 in., showing relatively long fold. is a TION oF Dik ANGLE 
0.038-in. soft a te tube [t°?/D® — 0.040] sunk to 0.500 in. showing rela- Both tubes were 1 in. X 0.020 in. soft copper Pe — 0.021], sunk to- 
tively short fold. Both tubes sunk through a 27-deg die. Slightly larger .500 in. diam. Left-hand tube sunk through 27-deg die. Right-hand tube- 
; than natural size.) sunk through a 7-deg die. Slightly larger than natural size.) 


Fic. 14 or Fotp Durina Formative Pertiop as a FuNC- 
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Fic. 18 Srresses RequrrepD To Sink Tuse Wits 
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ter). It is apparent that an increase in both the intended 
reduction and the relative thickness ratio of the tube leads to an 
increase in the actual] reduction in area. 

Thickness measurements revealed that 1o thickness changes 
occur before the folded tube enters the die. Within the die, 
however, the wall thickness increases. As shown in Fig. 17 this 
deformation is not uniform around the circumference as the wall 
thickens to the greatest extent at a point diametrically opposite to 
the fold. 

Stresses to Sink Folded Tubes. The unit stress s;, required to 
pull the folded tube through the die is determined by the equa- 
tion 


In Fig. 18 the stresses required to sink (with folds) brass tubes of 
various initial relative thickness ratios, through a 14-deg die, are 
plotted as a function of the intended reduction. It is to be noted 
that the curves so obtained intersect the curve for sinking with- 
out folds, reported previously (7), at the critical reduction, for 
the relative thickness ratio in question. 

The curves for various relative thickness ratios can be further 
reduced to a single master curve if the values for the individual 
stresses are divided by the relative thickness ratio. This has 
been carried out in Figs. 19 and 20 for tube brass and hard cop- 
per, respectively. 

CONCLUSIONS 


The results of this investigation cannot be reconciled with the 
conventional! theory of buckling or collapsing. The factors which 
determine the perpetuation or elimination, respectively, of a fold 
in tube-sinking are different from those which determine definite 
buckling phenomena such as the collapsing of a tube. 

The only factor which is conducive to both collapsing and fold 
formation is a small thickness-to-diameter ratio. Other factors, 
however, such as the length along which pressure is applied and 
the elastic and plastic metal properties which are important in 
collapsing, have only a minor influence on folding. 

The predominant effect of the reduction in diameter cannot be 
satisfactorily explained. However, it has been observed that a 
fold is enlarged only if the circumferential force is smaller for this 
process than for fold-free sinking, assuming that the differences in 
the respective sinking forces also indicate proportional differences 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1946 


in the circumferential forces, other conditions being equal. This 
would also explain the observation that if the sinking forces for 
folded tubes equal those for fold-free tubes, the tendency to fold 
disappears. In other words, a fold wil] be perpetuated only if the 
resistance against bending into the fold is smaller than the resis- 
tance against a uniform compression of the diameter. No theo- 
retical approach to this phenomenon has been developed as yet. 

It has been also observed that it is much more difficult to ob- 
tain a fold on sinking a circular cross section than on sinking a 
section with a preformed fold. This result may be compared with 
the buckling forces required to deform permanently bars under 
concentric and eccentric loading, respectively. 
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Stress Analysis of Tube-Sinking 


By GEORGE SACHS,!' ano W. M. BALDWIN, JR.?* 


A theoretical stress analysis was made of the tube-sink- 
ing operation, equations being set up to yield the sinking 
stress as a function of the reduction in mean diameter. 
The equations were confirmed by experimentation on an- 
nealed and full hard copper and on annealed tube brass for 
conical dies of various tapers. The coefficients of friction 
existing during tube-sinking have been determined and are 
found to be of the same magnitude as those determined 
previously for wire drawing. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


= cross-sectional area of tube 
tana +f 
tan a 
mean diameter of tube 
= friction coefficient 
= flow stress (or yield strength in tension) 
k= 11k 


= parameter = 


> 
ll 


P = force required to sink tube 

8, = algebraically largest principal stress, assumed to be 
average longitudinal tension in sinking 

8. = intermediate principal stress, assumed to be die pres- 


sure 
8; = algebraically smallest principal stress, assumed to be 
average hoop stress 
t = wall thickness of tube 
longitudinal co-ordinate 
angle between die wall and tube axis = half die angle 
of conical die 


Nore: o as a superscript refers to original dimensions. 
Primed symbols refer to final dimensions. 


INTRODUCTION 


The analysis of the stresses occurring in a number of forming 
processes, in which the metal is continuously subjected to def- 
ormation, follows in each case a similar pattern. The processes 
to which such an analysis has been applied so far, wire-drawing 
(1, 2),* strip-rolling (3, 4, 5, 6, 7), and tube-drawing with a 
moving mandrel (8) have one feature in common, namely, that 
the mean stresses acting on each cross section can be derived 
from the equilibrium of the longitudinal forces. 

An analysis of tube-sinking has not been attempted pre- 
viously. In a paper dealing with the stress and strain relations 
in tube-sinking, it was assumed that the stresses in this process 
are identical with those occurring in wire-drawing (9). 

The following discussion presents a theoretical and experi- 
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mental analysis of the tube-sinking process. In order to develop 
a differential equation for the stresses occurring in the process, 
it was found necessary to consider not only the equilibrium of the 
longitudinal but also that of the transverse forces. This results 
from the fact that in contrast with the processes just mentioned 
the largest and smallest principal stresses in tube-sinking do not 
occur in a longitudinal plane but in a circumferential plane. 

In the experimental analysis, the high tendency of the tube 
being sunk to develop folds was eliminated by a special pointing 
procedure. This yielded a fold-free point, which permitted 
sinking operations with tubes with the smallest available wall 
thickness to maximum reductions without folding, and thus to 
measure the sinking forces over a wide range of conditions. The 
problem of folding will be considered in a subsequent publication. 


MATERIALS AND PROCEDURE 


For the experimental investigation, tubes of three different 
materials were used: (a) hard phosphorus-deoxidized copper 
(Rockwell 30-T, 59-66); (5) soft phosphorus-deoxidized copper 
(annealed 1 hr at 1000 F in a forced-convection furnace); and (c) 
soft tube brass (66.5 per cent copper, 0.5 per cent lead, balance 
zinc, annealed 1 hr at 1000 F). The tubes were drawn commer- 
cially to different diameters, ranging from 0.580 to 1.375 in., and 
possessed a wall thickness of 0.015 to 0.050 in. In the case of 
the hard copper, the reduction in cross-sectional area after the 
last anneal (but before sinking) was approximately 50 per cent. 

Tube specimens, approximately 40 in. long, were drawn 
through three different steel dies, possessing half die angles of 
7, 14, and 27 deg, respectively, to an outside diameter of 0.50 in. 
The polish on the 7-deg die was inferior to that of the 14- and 27- 
deg dies. 

The sinking was performed on either an Olsen 60,000-lb, or 
a Baldwin Southwark 100,000-lb tensile-testing machine, at a 
speed of approximately '/, fpm. For this purpose, a special die 
holder was attached above the upper jaw of the testing machine, 
and the point of the tube was gripped and pulled with the regular 
lower jaw. A commercial soap-base lubricant with a high free-fat 
content (Nopco No. 6) was employed. 

The load required to sink the tube was generally found to re- 
main constant within +5 per cent over the entire length of each 
tube. 

Micrometer measurements were made on both the initial and 
the drawn tube in order to compute the sinking stress s,’, and the 
reduction in mean diameter. The sinking stress was calculated 
from the formula 


The significant strain for the strain-hardening of the metal in 
tube-sinking is the reduction in mean diameter for those cases 
where the wall thickness increases during the operation. This 
was the case for all tubes investigated, since in no instance did the 
ratio of the wall thickness to mean diameter exceed 0.05, at which 
value, according to Baldwin and Howald (10), the wall thickness 
increases for reductions in outside diameter as high as 50 per cent. 
The reduction in mean diameter R was computed by means 
of the equation 
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Stress-strain curves by means of tensile tests were determined 
for the various metals before and after sinking in the conven- 
tional manner. The reduction in area is the significant strain in 
the tensile test, being equivalent to the reduction in mean di- 
ameter in tube-sinking. The significant strain of a sunk tube 
subjected to a tensile test is therefore the sum of the two strains 
referred to in the initial cross-sectional ara. 


THEORETICAL ANALYSIS 


The method of analysis used here assumes (a) that a pressure 
normal to the working tool-metal interface operates on the inter- 
face of tube and die, and that, neglecting the presence of the shear 
stress, this pressure is one of the principal stresses; (b) that be- 
cause of friction, a shear stress operates at the interface; (c) that 
transverse sections are free of shear stresses; (d) that the normal 
stress acting on the transverse sections is uniformly distributed 
over the cross section and that it is another principal stress; 
(e) that the wall thickness of the tube is small in comparison to 
the tube diameter; and (f) that the wall thickness of the tube 
remains constant through the process. This last assumption is 
not strictly valid but has been found to be true within +5 per 
cent (9, 10). 

With these assumptions, two equations can be derived from Fig. 
1, using the equilibrium of the forces in the longitudinal and radial 
directions. Summation of the longitudinal forces supplies one 
equation 
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where 


Summation of the radial components of forces yields 
D dx 


d. 
p2B + = 0 
2 cos COS COS 
or 
2t cos 


Substituting Equation [6] into Equation [4] results in the 
general differential equation of tube-sinking 


Equation [7] is of the same form as that derived for rolling 
(3, 4, 5, 6, 7), wire-drawing (1, 2), or tube-drawing (8), the only 
difference being that the parameter B takes on different values 
for the various forming operations. 

To relate the quantities s; and s; in Equation [7], some condi- 
tion of plasticity must be invoked. The most accurate available 
is the strain-energy condition 


(81 — 82)? + (82 — 83)? + (8; — 83)? = 2k?........ {8} 


D=D°-2x tana 


Fie. 1 


cos a[(s; + ds,)(A + dA) —s,A]+ psina =. xD 
COS 


dz 
+ fp cos a ap xD 
= cos a d(s,A) + (tana +f) =0.......... {1] 
Using the geometrical relations, Fig. 1 


D = 2z tana dD = —2dz tan a.......... (2) 
A=nxtD dA = = 2etdrtana........ [3] 
transforms Equation [1] to 
tana +f 
wtd(s,D) cos a xDdD p 
= xtd(s,D) cos a pB = 0........... [4] 
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where the quantities s,, 82, and s;, are the three principal stresses 
in algebraically decreasing order of magnitude and k is the flow 
stress or yield strength of the metal as determined in simple 
tension or compression. However, the use of this condition in- 
volves considerable calculations. Under most general conditions 
Equation [8] sets certain limits on the values that 8, — s; can 
assume, namely 


For the present case a constant average value may be taken as 
sufficiently accurate to represent the condition of plasticity 
throughout the sinking process, namely 


& —8 = 1LILk = ky [8d] 


Substitution of Equation [8] in Equation [7] and making the 
variable D dimensionless by multiplying the equation with D’ 
finally yields the linear differential equation 
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ds, 8 ko 
* (1 — B) -—B 


If the parameter B, is considered constant throughout the 
sinking process (i.e., if the die angle and coefficient of friction are 
constant) this equation may be integrated as follows 


where 8,’ is the stress for zero reduction, D = L*. 
The parameter B passes to unity as the coefficient of friction 
goes to zero. If the metal is further assumed to possess no strain- 
hardening (i.e., ko is constant) then Equation [9] becomes, neg- 
lecting s,° 
o 
8 = ko loge = 


This equation is commonly associated with ideal (i.e., friction- 
less) conditions, and has been deduced, for example, for wire- 
drawing, not only by using a method analogous to the present one 
(1, 2), but also by using stress-analysis methods based on the 
balance of the work consumed (11). 

Another special case of the general Equation [9] is that in 
which friction exists but no work-hardening occurs. In this case 
ko is independent of D; and Equation [9] may be integrated to 
yield the following equation 


B—1 — + 3 D? [9b] 


This equation yields the longitudinal stress at any position D, 
for a given D®, and consequently also the sinking stress, s; = 8,’, 
at the exit, D = D’ 


EXPERIMENTAL RESULTS 


= 


(10) 


Hard Copper. The comparison of experimental data with the 
theory may be first made for hard copper. This material was 
selected for the investigation primarily because it represents a 
practical example of the conditions assumed to develop Equation 
[9b], namely, a material which does not strain-harden during the 
sinking process. In Fig. 2 the yield strength k, of the hard 
copper is shown as a function of the (mean) diameter change, 
after sinking through the 14-deg (half-angle) die. It will be 
noticed that an average value of k = 60,000 psi would describe 
the yield strength over the entire range of reduction, within 
+3 per cent. A family of curves for the sinking stress s,, ob- 
tained by substituting the value ko = 1.1 k = 66,000 psi, and a 
series of values for the parameter B, in Equation [9] are also 
represented in Fig. 2. 

The value of the integration constant C was determined ex- 
perimentally by sinking a tube with the negligibly small reduc- 
tion of 0.25 per cent, approximately; the measured value of 3000 
psi agrees well with that extrapolated from the experimental 
sinking stresses for larger reductions.* 


4 Abundant experimental evidence may be found in the literature 
where a wire-drawing stress extrapolates to a definite positive stress 
value for sero reduction, see Thompson (12), Lueg and Pomp (13), 
Davis and Dokos (2). In discussing this positive value, Thompson 
describes it as ‘“‘the extra pull required merely to overcome the fric- 
tional resistance in the die.’’ Poeschl (14) and Davis and Dokos (2) 
attribute this positive value to a small transitional region of elasticity. 
Poeschl has attempted a mathematical analysis for this elastic re- 
gion. In the present paper such positive values for soft copper or 
tube brass were found to be negligible whereas for hard copper they 
were found to be considerably higher, thus tending to confirm 
Poeschl’s theory. 
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(Experimental sinking-stress data for a 14-deg die half-angle have been 
entered as circular symbols.) 


The experimental data agree rather closely with the theoretical 
eurve for which the parameter B has a value of 1.4, approxi- 
mately. 

The hoop stress, 83 = 8; — kp Equation [8b] is also shown in Fig. 
2, for a value of B = 1.4. The curve for the hoop stress repre- 
sents its distribution over any length of contact, as its value is 
determined only by the local reduction of the considered cross 
section, irrespective of the total reduction of any particular draw. 

Annealed Copper and Brass. For any soft material such as 
annealed copper and brass, the yield strength is primarily a func- 
tion of the reduction. The stress-strain curves for these two 
metals derived from tensile tests are shown in Figs. 3 and 4. 

The theoretical sinking stress can be obtained by graphical 
integration of Equation [9]. In Figs. 5 and 6, families of curves 
for the sinking stress, for a series of values for the parameter B, 
are given for soft copper and brass, respectively. 

In comparing these theoretically derived curves with experi- 
mental data, it should be borne in mind that the stress-strain curve 
for a tube which had been sunk differs from that derived from a 
soft tube, as illustrated for one example in Fig. 7. This factor 
can be taken into account by a method employed by Sachs (15) 
for wire-drawing. From a comparison of the stress-strain curves 
in tension with those of sunk tubes as given in Fig. 7, a chart 
giving the effective reduction as a function of the actual reduc- 
tion can be constructed. Such a chart is shown in Fig. 8 for 
tubes sunk through the three different die angles included in this 
research. It will be noted that for large reductions the ideal 
and effective reductions become approximately equal. It is for 
this reason that this correction was not required for hard copper. 

Figs. 9 to 13, inclusive, show the theoretical sinking stresses 


5 The difference between effective and actual reduction is attributed 
to the presence of shear stresses and shear strains. These have been 
demonstrated by means of grids on the cross section of wire, in both 
soft and hard copper, by Taylor and Quinney (16), and by Siebel 
(17). 
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transformed by means of Fig. 8 from functions of the actual re- 
ductions, Figs. 5 and 6, into functions of the effective reductions. 
Each graph now applies only for a given alloy and a given die 
angle; and the range of parameter values B, represented in each 
graph covers the range of experimental scattering. 

The experimental sinking stresses are shown in Figs. 9 to 13, 
inclusive, as open circles. It will be noticed that the scatter 
is greatest in the case of the 7-deg die and progressively lessens in 
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the case of the 14- and 27-deg die. These observations indicate 
that some variation in friction was encountered in the experiments. 

In general, however, there is a fair agreement between the ex- 
perimental value and a theoretical curve for a particular value of 
the parameter, B. 

Coefficients of Friction. From the parameter B, and the dic 
angle a, the frictional coefficient f = tan p, can be readily deter- 
mined by means of Equation [5] 


t 
op 
tan a 


In Fig 14 the parameter B is plotted as a function of the co- 
efficient of friction, tan p, for the three die angles, a = 7, 14, and 
27 deg employed in this investigation. 

In Table 1 the parameters B are tabulated for the various 
metals and die angles investigated. The corresponding values of 
the coefficient of friction, f, are also included in Table 1. 


TABLE 1 PARAMETERS, DIE ANGLES, AND COEFFICIENTS OF 
FRICTION OF METALS INVESTIGATED 
Coefficient of 
friction, 


Die angle, 
deg 


Parameter, 
Material B 


Hard copper 
Soft copper 


Tube brass 


These coefficients of friction are for both the 14- and 27-deg 
die of the same order of magnitude as those obtained by other 
investigators for wire-drawing (1, 2). However, for the 7-deg 
die, which was not as finely polished as the 14- or 27-deg die, the 
friction was found to be approximately twice as great. 
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CONCLUSIONS 


Any theory of a metal-forming process involves a number of 
simplifying assumptions in order to obtain sufficiently simple 
equations to allow numerical or graphical evaluation. Some 
discrepancies between theory and experimentation may therefore 
be expected. The analysis of tube-sinking presented here con- 
tains some minor refinements as compared with previous analyses 
of related processes in that no mathematical approximations are 
used other than that employed for the condition of plasticity. 
The experimentation indicates that this has yielded the gratifying 
result that the sinking stresses (i.e., the draw forces and the power 
consumption, excluding the losses in the equipment) can be cal- 
culated satisfactorily to within + 2000 psi for soft copper drawn 

‘with a 27-deg die, and to within + 9000 psi for soft tube brass 
drawn with a 7-deg die. This range of agreement is comparable 
to that reported in studies on wire-drawing, tube-drawing, etc. 

It must be emphasized, however, that such an agreement can- 
not be claimed for either the distributions of the stresses or the 
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strains over the cross section in drawing processes. So far, no 
theoretical analysis is available which promises to yield accurate 
results regarding the stress and strain distributions. This knowl- 
edge would be very desirable as the stress distribution is impor- 
tant in respect to various commercial problems, particularly those 
involving residual stresses. 


Appendix 


CoMPARISON OF TUBE-SINKING WiTH WrrE-DRawinG; EFFEcTS 
or TuBE THICKNESS 


The experimental data on tube-sinking were obtained with 
thin-walled tubes, their ratio of wall thickness to diameter (rela- 
tive thickness) being between f:/D° = 0.01 to 0.05. Tubes having 
a larger relative thickness were not investigated. 

However, some indication regarding the effect of relative 
thickness can be obtained by comparing the stresses required to 
draw, respectively, thin-walled tube with those required to draw 
wire (or rod), other conditions (metal, dies, lubricant) being 
identical. 

The wire represents the limiting condition of a tube, the rela- 
tive wall thickness being 4/D° = 0.5. The wire-draw stress is 
given, according to Sachs (1) by the equation 
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are represented as circles.) 


a0 
ov 


1000 PSI 


Ww 
AS 


é 


SINKING STRESS - 


09 08 O7 06 as a4 
RATIO 40° 
Fie. 12 Tueoreticat Sinkinc-Stress Curves CORRECTED FOR 
DIFFERENCES IN STRESS-STRAIN D1AGRAMS SHOWN IN 7 


(Curves are soft tube brass sunk thro a loses die. Experimental data 
are represen as circles. 


pal 
|| 
0 
4 
60 Q 
4: 
SOFT COPPER 
14° DIE 
= $0 
40 
Jo 4 
G 
0 
4 
4 
ae 
8=420 
18 
TUBE BRASS 
16 
| 
12 
‘2 
/ 
| 
0% 
| 
0 


SACHS, BALDWIN, JR.—STRESS ANALYSIS OF TUBE-SINKING 661 


| | 
| 8218 
16 
| | 
TUBE BRASS 
27° DIE 

~ 
£0 
50 
w 
20 

20 

10 

| 


40 o9 08 O7 0.6 0.5 0.4 
RATIO 70° 
Fie. 13 THeoreticat SINKING-STRESS CURVES CORRECTED FOR 


DIFFERENCES IN STRESS-STRAIN DIAGRAMS SHOWN IN Fia. 7 


(Curves are for soft tube brass sunk through a 27-deg die. Experimental 
data are represented as circles.) 


Neglecting the back pull s,’, the sinking stress given by Equa- 
tion [10] becomes 
Ble 


8-1 
8) - [1-(2) | [10a] 


The parameters, B, and B, in Equations [11] and [10a] are 
identical (see Equation [5]) 


tana +f 
tan @ 
Considering that the cross-sectional area in wire-drawing is 


A, = rD 


B, =B 


consequently 


Ou the other hand, the cross-sectional area in tube-sinking is 


A = xD 
consequently 


_ Introducing Equations [12] and [13] into Equations [11] and 
[10a], respectively, yield the following 
For wire-drawing 
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and for tube sinking 
Bko 


)\B-1 


Thus for a given ratio of cross sections at the entrance and 
exit, the ratio of the draw stresses for wire-drawing and: tube- 
sinking should be 


8," ko 

So far, the comparison of the two processes has not considered 
the effects of the shear stresses at the interface between die and 
metal, which increase the yield strength over that of a homo- 
geneously deformed metal, as discussed previously. If these 
effects are larger in tube-sinking than in wire-drawing, the ratio 
k/ko would be larger than 0.9, and vice-versa. 

To test these conceptions, two series of tests with a 14-deg and 
a 27-deg (half-angle) die, respectively, were carried out on an- 
nealed copper. The processing of both the copper tubes and the 
copper wire was such that identical stress-strain curves were ob- 
tained, represented in Fig. 3. All test conditions were also the 
same, as described previously for tube-sinking. 

The results of the experimentation are shown in Figs. 15 and 
16. For the smaller die angle, 14-deg, the ratio of the draw 
stresses for wire-drawing and tube-sinking respectively, is pos- 
sibly slightly larger than 0.9. For the larger die angle this ratio 
is rather close to unity. Considering that the effects of shear 
increase with increasing die angle, the following conclusions can 
be drawn from these tests: (a) The draw stresses in tube-sinking 
and wire-drawing, respectively, correspond approximately to the 
fundamental difference in the flow stress derived from the dif- 
ference in their stress states; (b) the shear stresses occurring 
under commercial processing conditions affect the metal flow in 
wire-drawing to a (slightly) greater extent than in sinking a thin- 
walled tube. 
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The Design of Mechanical Auxiliaries 
for TVA Hydroelectric Plants 


By H. J. PETERSEN,' KNOXVILLE, TENN. 


Sixteen hydroelectric power plants have been designed 
by the Tennessee Valley Authority during the past ten 
years. Changes and improvements have been incorpo- 
rated in each successive design, as a result of experience 
gained in operation of each plant. This applies particu- 
larly to mechanical auxiliaries involved. It is this phase of 
the design which is treated in the present paper, specific 
reasons being given for adoption of the particular auxil- 
iaries discussed. 


URING the past decade the Tennessee Valley Authority 
D has designed sixteen hydroelectric power plants which 
include almost every type of plant except those using 
Pelton wheels. These plants were all designed by essentially the 
same organization, which resulted in a succession of improved de- 
signs as experiences gained in the earlier plants were incorpo- 
rated in the designs of the later plants. This is especially true in 
the case of the mechanical auxiliaries since considerable latitude 
is permitted in the design of these systems. Consequently, it 
has been possible to standardize on a good many features of these 
auxiliaries which have proved themselves in service. 

This paper will discuss the design of the various mechanical 
auxiliaries for hydroelectric power plants as developed by the 
Authority, outlining the reasons establishing the designs adopted. 
It is expected that these designs will be superseded by later and 
better designs as operating experiences and improved techniques 
dictate. It is not intended that this paper shall represent a com- 
prehensive treatise on hydroelectric power-plant piping and 
auxiliaries, as these subjects are well handled in numerous text- 
books and manuals; however, the scope of this discussion makes 
it desirable to complement the specific references to TVA design 
with a review of certain related principles which the author con- 
siders good general piping practice. 

In general, the term “mechanical auxiliaries” includes those 
systems usually consisting of one or more machines connected by 
piping to the main prime movers to aid them in their proper 
functioning, or other systems distributed throughout the power- 
house for services such as water, air, drainage, and so forth. Be- 
cause they occupy relatively small spaces and usually are lo- 
cated in out-of-the-way places in the powerhouse, these systems 
sometimes do not receive their full share of attention and may be 
slighted in the design. In almost all cases they are vital to suc- 
cessful and economical operation, and thought given to their 
design in the preliminary stages will pay dividends in the long 
run in the trouble-free operation of the plant. 

However, the amount of time and effort spent in the design of 
these features should be justified by the results required. Elabo- 
rate calculations and long and complicated empirical and theo- 
retical formulas should be resorted to only when the results pre- 
scribed make their use unavoidable. Only a novice will carry out 
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a computation to two or three decimals when a lesser number of 
significant figures will suffice. An experienced designer is aware 
of this and has available a number of charts, tables, and curves, 
from which he is able to pick certain approximate values which 
facilitate his design. Also, a practical designer will always main- 
tain a close liaison with the department that will operate the 
plant in order to ascertain its likes and dislikes in the matter of 
machinery and equipment. Many times that department, be- 
cause of its operating experiences, can make worth-while con- 
tributions to the design. 


GENERAL CONSIDERATIONS 


Before reviewing the design of the individual systems, several 
features common to all systems and on which generalizations may 
be made will be discussed. 

Piping. The fundamental requirement for any piping system 
is that it shall be functionally correct. All valves and items of 
equipment should be in proper relation to each other, so that the 
system operates in the most efficient manner possible. 

The best way to obtain this result is by making a valve-opera- 
tion diagram. Fig. 1 is such a diagram for a governor and lubri- 
cating-oil system at one of the Authority’s plants. It will be 
noted that this diagram outlines the entire system, including all 
valves, equipment, and machinery. From this it is an easy mat- 
ter to check the over-all design of the system from a functional 
standpoint. This diagram, made in sketch form before any draw- 
ings are begun, serves as a guide to the draftsman in making 
the detailed drawings. When made intoa final drawing, it has the 
further purpose of aiding the field erection forces in the installa- 
tion of the piping, and finally it enables the operators to visualize 
the system as a unit which promotes more efficient operation. 
Each valve on each system is marked with an aluminum tag de- 
scribing its function (see Fig. 2). Tags A, B, and C are attached 
to the valve handwheels underneath the nut, while tag D is at- 
tached to the valve-bonnet bolt, to the valve stem, or to the oper- 
ating chain. Each valve is numbered according to a standard 
system, and an experienced operator can tell the relative location 
of a valve in the piping system by its number. The symbols 
shown on this drawing for the various kinds of valves and items 
of equipment are standard for the diagrams for all plants. 

During the preliminary stages of the design of the powerhouse, 
adequate consideration should be given to the physical location 
of the pipe lines. It is absolutely essential that all the various 
systems be considered as a group in order to lay out the space 
requirements properly. Close co-ordination between the piping 
designer, the architect, and the concrete designer is essential at 
this stage of the design in order to insure proper space for pipe 
galleries, tunnels, and riser shafts. 

Fig. 3 shows a gallery containing a number of piping systems. 
It will be noted that the gallery is of ample size, that all the pipes 
are racked along the wall parallel to the building lines, and that 
they provide adequate headroom. As a contrast, one of the 
earlier designs showing the piping around the top of a shaft is 
illustrated in Fig. 4. Note the pipe at angles to building walls, 
the inaccessibility of valves, some valves upside down, and the 
general appearance of having been designed one system at a time 
instead of as a group. The improvement in the oil piping shown 
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in Fig. 6, over that shown in Fig. 5, is evident. Fig. 5 has large 
radii bends combined with welding fittings, pipes crossing each 
other at angles, pipe in more than one plane, and a multiplicity 
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By locating the equipment closer to the walls and by using 
three-way cocks, as shown in Fig. 6 for a similar system in a 
later powerhouse, it was possible to eliminate many valves 
and some of the piping. The use of welding fittings throughout and 
the uniform spacing of the headers result in a piping design which 
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functionalism. The choice of the operator between these two de- 
signs is obvious. 

The greatest part of the steel pipe used by the Authority for 
hydroelectric plants is purchased under A.S.T.M. Specification A 
120, standard weight (ASA-B36.10). For certain pipe assemblies 
where considerable bending or coiling of the pipe is necessary, the 
pipe is specified as A.S.T.M.-A53, Grade A. Wrought-iron pipe 
is purchased under A.S.T.M. Specification A72. All cast-iron 
pipe is bell and spigot centrifugally cast, with class depending 
upon the pressure. Cast-iron pipe for -pressure lines is purchased 
cement-lined, as it may be had at little or no increase in price, 
and experience has proved that it is much more resistant to 
tuberculation. Cast-iron pipe is purchased in 16- or 18-ft lengths, 
depending upon the supplier. Shorter lengths are seldom used 
because of the added calking expense. 

In some of the larger-size mains, it has proved advantageous 
to use spiral-welded pipe. This is especially true in drainage 
lines embedded in concrete where the cost of steel or cast-iron 
pipe would not be justified. Steel pipe is purchased in random 
lengths with ends threaded and coupled, or beveled for welding, 
as the case may be. We find that it is cheaper to weld pipes 4 in. 
and larger than to use screwed flanges. It also saves time and 
expense to have complicated welding pipe assemblies shop- 
welded into subassemblies which are then welded together in the 
field. 

The Authority makes single-line detailed construction drawings 
for piping systems using pipe 2 in. and smaller and for large- 
Seale yard piping of all sizes. They can be made much faster 
and, except in some congested areas, they give a satisfactory 
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physical picture. Any congested areas are developed either 
with standard double-line drawings or by isometric projection. 
Duplication of views, notations, dimensions, and mark numbers 
are avoided as they add to the design expense and increase the 
chances for error. 

Where lines lead directly to headwater or tail water, heavier 
construction is used up to the first valve to guard against possible 
breakage. A special connection is used where embedded lines 
emerge from the concrete in the various galleries. In smaller 
lines a screwed coupling is placed flush with the face of the con- 
crete wall; this permits ready replacement in case of breakage in 
the line. In larger steel lines a standard cast-iron sleeve is 
placed flush with the concrete wall, and the exposed pipe 
is ealked therein. Cast-iron lines emerging from concrete are 
placed with the end of a bell flush with the face of the wall. 

Pipes passing through walls and floors are sleeved, with sleeves 
in floors extending 1 in. above the floor to permit floor washing 
without water spilling to the room below. Black steel pipe is 
used for sleeves, except where rust action would prove objectiona- 
ble, in which case galvanized sleeves are used. Piping systems 
are provided with drains at the low points to facilitate repairs and 
to drain water lines which are subject to freezing. A good de- 
signer always provides a closure piece in a piping system between 
two pieces of equipment where there are intervening flanged 
fittings or valves, instead of designing the system fitting to fitting. 
This is necessary because fittings and valves seldom are furnished 
to exact dimensions, and the closure piece takes up the inaccu- 
racies in dimensions. Pipe lines are arranged to provide adequate 
access to machinery for inspection and repair, and to permit the 
removal of equipment without the necessity of dismantling large 
sections of piping. Fig. 6 is a good example of this. 

It is of prime importance in the design of a piping system to 
provide for the maximum ultimate requirements. This is es- 
pecially true in trunk lines for water-supply mains and plumbing 
waste lines. Our experience has been that as a project develops, 
more and more demand is placed upon these two systems. A 
liberal estimate of ultimate requirements is the best insurance 
against insufficient capacity in the future. 

Next in importance to functionalism in a piping system is that 
the design shall be economical. This factor involves the proper 
selection of the material, type, and size of the various pipe, valves, 
and equipment. It is compounded from a great many elements, 
some of the more important of which are (1) expected life versus 
cost, (2) higher pumping costs because of reduced sizes 
versus smaller initial investment, and (3) increased operating con- 
veniences and reduced maintenance expense versus the added cost 
for obtaining these features. If these three points are carefully 
evaluated in the design of each system, it is fairly certain that an 
economical design will result. 

From past experience and from technical data on the subject, 
the expected life of a pipe or valve may be closely estimated. 
Obviously, the longer life is more desirable, but it is necessary for 
the designer to balance the extra years of service against the 
added cost necessary to obtain it. 

The size of each pipe line, once the maximum flow is estab- 
lished, is almost entirely a function of the pressure drop due to 
friction in the line. It is necessary to investigate each line for 
head loss, using the friction characteristics for the fluid carried. 
Sizes of equipment connections should never be construed as in- 
dicative of proper pipe size. In most cases the size of pipe mains 
for water systems is dictated by the flow necessary for fire pro- 
tection. In evaluating pumping costs and pipe sizes, it must be 
remembered that station power is cheap in a hydro plant. On the 
other hand, most of the added cost of a larger-size pipe is the ma- 
terial itself, since the labor of installing each-size line is prac- 
tically the same. It is advisable not to have too many different 
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sizes and kinds of pipe in a plant since this requires a larger stock 
of replacement parts for valves and specialties. 

The amount of money that should be spent for operating con- 
veniences and reduced maintenance is largely determined by ex- 
perience and judgment. A good many operating conveniences 
may be had without extra cost if the systems are properly de- 
signed. Valves should be located so that their purpose is apparent 
at a glance, and they should be accessible, especially those re- 
quired in an emergency, using chain wheels where necessary. 
_ There should be sufficient unions in screwed lines to facilitate 
disassembly. All waste and drain lines, especially those buried 
in concrete, should have cleanouts at strategic points. The 
practice of burying plumbing or other piping in walls should 
be avoided; it is much better to provide access corridors behind 
the fixtures for service and maintenance. 

Valves. The function of a valve in a piping system is either to 
regulate the flow of the fluid in the line or to sectionalize a piece 
of equipment or part of the system. Globe valves are used for the 
first function and gate valves for the second. Since most of the 
valves in hydro plants require only infrequent operation and are 
seldom used for throttling service, gate valves are used in the 
majority of cases. Globe valves are used on by-passes around 
special valves and regulators with a gate valve on either side of 
the equipment by-passed. 

The Authority prefers a rising-stem valve to a nonrising-stem 
valve because the position of the stem indicates the position of 
the disk and because the stem threads are not in contact with the 
fluid. The O.S.&Y. type of rising-stem valve has the further ad- 
vantage that the stem threads are outside the valve when open, 
making it possible to examine and lubricate them with the valve 
in service. The additional headroom which is required for 
the rising-stem valve over a nonrising-stem valve is of small 
importance. 

Globe valves usually are purchased with plug-type disks be- 
cause that type of disk gives excellent throttling service, has 
great resistance to wear, and is easily repaired. The so-called 
composition disk has not proved as satisfactory for throttling 
and wears out quickly. Gate valves 2 in. and larger usually are 
purchased with double disks, and smaller than 2 in. with wedge 
disks. A double-disk valve gives a tighter shutoff and is more 
easily repaired in the field. Sometimes a larger-size wedge-disk 
valve is used when it is impossible to install the valve with the 
stem up. In this position the disk of the double-disk valve is 
liable to jam. Gate valves smaller than 2 in. are purchased with 
wedge disks because, in our opinion, the various parts in a double- 
disk valve in those sizes are too small. 

Valves 2 in. and smaller, both gate and globe, usually are pur- 
chased all brass because the extra cost involved is nominal. 
Larger valves are purchased iron body, bronze-mounted. The 
use of cleanouts in valve bodies has not been found necessary, nor 
has it been necessary to specify air-tested valves. Pressures en- 
countered in hydroelectric plants seldom call for by-passes around 
valves, although at times it has been necessary to provide gearing 
for the larger-size valves. This, of course, is a function of the 
pressure on the valve and is investigated for each condition. 
Larger valves which require fast operation, or are remotely con- 
trolled, are fitted with motor operators. 

Check valves are used on the discharge of pumps and at all 
other places where it is imperative to prevent backflow of the 
fluid. Swing-check valves are preferred, but in some cases lift- 
check valves are used, especially for upward flow. A balanced- 
disk or spring-loaded check valve is used to prevent slamming and 
excessive surges in the higher-head lines. 

Bolts and Gaskets. Flange bolts are purchased under A.S.T.M. 
Specification A 107, with regular unfinishedsquare heads and heavy 
unfinished hexagon nuts. In rare cases where the bolts are in- 
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accessible and subject to excessive corrosion, such as for fastening 
inlet gratings to the upstream face of a dam, stainless-steel bolts 
are used. The thinnest possible gasket consistent with the rough- 
ness of the flange, is used, with no gaskets over '/;,in. Ring gas- 
kets are used in preference to full-face gaskets as they make a 
tighter joint. 

Hangers, Supports, and Expansion Joints. In a well-designed 
piping system the weight of the pipe and its contents are always 
supported so that no stresses are transmitted to any of the valves 
or machinery. The stresses introduced in equipment in this man- 
ner, coupled with vibration, may eventually break the casting of 
a pump or valve. Standard commercial hangers are used where 
possible, as they are cheaper than designing special hangers for 
individual applications. 

While the temperatures encountered in hydro-plant piping 
systems do not give rise to many expansion problems, the lony 
lengths of the lines in a multiunit plant do call for some expansion 
design. The Authority uses pipe bends and offsets, where pos- 
sible, in preference to guided slip joints with packing boxes. 
Sometimes, where vibration is coupled with expansion in a pipe 
line, a corrugated type of joint is used. 

Painting. All piping systems of the Authority, including all 
insulation, are painted for appearance, protection, and identifica- 
tion, in accordance with a standard color code. Each system has 
its own color, and this standard is maintained throughout all the 
plants. The whole system is first painted with an aluminum 
paint, and identification is obtained by painting the periphery of 
flanges or by painting an occasional screwed elbow or tee, as the 
case may be, with the color of that particular system. If the 
length of line between these identification points is long, a narrow 
band is painted around the pipe at intervals. Arrows are some- 
times painted on pipe lines where the direction of flow is not evi- 
dent at a glance. 

Control Valves. Control valves are used by the Authority in 
hydro plants for pressure regulating, temperature regulating, 
pressure relief, and maintaining liquid level. Pressure-regulating 
valves are used for reducing the water pressure to generator air 
and oil coolers, turbine oil coolers and runner seals, air-condition- 
ing equipment, air-compressor jackets and aftercoolers, and gen- 
eral plant services. Where the pressure drop is low direct- 
operated spring-loaded diaphragm valves are installed, while 
pilot-operated valves are used for high-pressure drop. The pilot- 
operated valves are of the hydraulic or pneumatic type. The 
pneumatic type has proved more satisfactory for use on raw river 
water, as trouble has been experienced with the hydraulic type 
owing to fouling of the pilot valves, necessitating the installation 
of strainers in the pilot lines. We have found that filters installed 
in the air lines ahead of pneunratic valves are a good investment. 
Small valves and valves used for dead-end service are single- 
seated, while large valves are double-seated. A pressure gage is 
always installed on either side of a reducing station. 

The sizing of pressure-regulating valves for hydro plants pre- 
sents a problem because of varying headwater elevations. Since 
the valves must pass the required amount of water under any head 
condition, a valve large enough under low headwater may be too 
large under maximum headwater levels. Likewise a regulating 
valve on plant service sometimes must also be used for fire protec- 
tion. This means that water requirements must be estimated 
very closely, and valves must be selected which have characteris- 
tics best suited for their particular service. 

Two types of temperature-regulating valves are used, i.c., 
solenoid and motor-operated from a thermostatic element. 
Solenoid valves are used on air-compressor jackets and similar 
services to control cooling water so as to prevent flow and con- 
densation when the service is intermittent. Motor-operated 
valves, actuated from thermostatic elements, are used on air- 
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conditioning equipment and to control the cooling water to gener- 
ator air coolers in remotely controlled plants. 

Both spring-loaded hydraulic relief valves and diaphragm back- 
pressure valves have been used after pressure-regulating valves. 
Spring-loaded hydraulic relief valves are used in the small sizes 
and where the comparatively wide relief range is not objectiona- 
ble. Diaphragm back-pressure valves have proved more satis- 
factory for large sizes and where close control is required. Relief 
valves are sized to pass the total amount of water which the 
pressure-regulating valve will pass under highest head conditions. 

Level controls are used in open tanks and station drainage 
sumps, and for depressing tail water in the draft tube when units 
are motored. The types used are: the ordinary balanced float 
valve to maintain a constant level in an open tank from a pressure 
main, float-operated mercury switches and cam-type float 
switches to start and stop pumps, and diaphragm valves actu- 
ated by float-operated pilots and compressed air to depress tail 
water in the draft tube when units are motored for condenser op- 
eration. 

Motors. All machinery in the hydro plants of the Authority is 
driven by electric motors because of the availability of a reliable 
power supply and because of the dependability of the modern 
motor and its simplicity of control. 

Motors driving station auxiliaries are general-purpose, 
N.E.M.A, standard, with class A insulation. Motors driving 
constant-speed equipment, such as pumps, compressors, and 
ventilating fans, are squirrel-cage induction type with normal 
torque and starting current; those for variable speed and torque, 
such as cranes and hoists, are wound-rotor slip-ring type. Inte- 
gral-horsepower-size motors are rated 440 volts, 3 phase, 60 cycles. 
No auxiliaries require motors large enough to make voltages above 
440 economical. Fractional-horsepower sizes are 110 or 220 volt 
single phase. A few auxiliaries, such as emergency turbine guide- 
bearing, lubricating-oil pumps, and important valves, are provided 
with 250-volt d-c motors operated from the station service 
batteries. 

Motors in locations where windings might become damaged by 
water or oil are provided with moistureproof insulation and 
splashproof or dripproof frames; others have open frames. In 
very damp locations it has been found necessary to apply strip- 
type heaters or to circulate a small amount of current through the 
motor coils to avoid sweating while the motors are shut down, 

Controls are centralized on auxiliary-power switchboards for 
groups of related equipment. Each motor circuit contains a 
manually operated disconnecting switch, a set of fuses as protec- 
tion against short circuit, and a magnetic contactor for full-volt- 
age starting and thermal overload protection. Push-button 
stations for manual control generally are located at or near the 
motors, Motors under automatic control also have a push button 
which provides manual control for inspection. Power supply is 
sufficiently duplicated to assure continuous operation of auxilia- 
ries during usual maintenance and under any reasonable fault 
conditions. 


INDIVIDUAL SysTEMS 


Compressed Air. Compressed air is used in the hydro plants 
of the Authority for operating pneumatic tools, for generator 
brakes, for pneumatically operated regulating valves, for de- 
pressing tail water below the runners for synchronous-condenser 
operation in those plants where tail water level is normally above 
the runner, and in one plant (Kentucky) for preventing the for- 
mation of ice on the spillway gates. 

Pneumatic tools operate most efficiently using air at 80 to 
100 psi, and since the other uses for compressed air require pres- 
sures of less than this, 100 psi has been adopted as a standard 
pressure for the compressors. One stationary 105-cfm compressor 
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has been found to have sufficient capacity for all normal plant 
needs in all plants except Kentucky. This is supplemented by a 
portable machine of approximately 100-cfm capacity at each 
plant which is used when major repair work requires additional 
air capacity. 

The Authority has standardized on a horizontal, crosshead 
type, double-acting, water-cooled, 325-rpm, V-belt-driven, single- 
stage compressor for the stationary machine. Its low rotative 
speed and low bearing loads, together with its all-round rugged 
construction, make it a most dependable machine, capable of giv- 
ing continuous service over a period of many years with very little 
maintenance. Dual control is used with these compressors. This 
control can be set to operate the compressor continuously when 
there is a steady demand for air, or it can be set to start and 
stop the compressor automatically when the demand for air is 
intermittent. The latter control is the one normally used, with 
the motor being operated by a pressure switch on the receiving 
tank. All compressors unload to atmosphere to prevent starting 
the motors under load. 

The portable compressor is an air-cooled, single-acting, 2-stage, 
motor-driven machine complete with intercooler, air receiver, 
wheeled truck, and all standard accessories. The motor is con- 
trolled by a magnetic starter and push-button station mounted on 
the machine. The compressor is motor-driven because electrical 
outlets are provided throughout each plant area which make 
it possible to use the compressor either in isolated locations, such 
as up on the roadway crossing the dam, or in the powerhouse to 
supplement the stationary machine. 

A water-cooled aftercooler is always used after single-stage 
compression to remove the excess moisture in the air before it 
condenses in the distribution system. An “air through the tubes” 
type of aftercooler with moisture receiver at one end is installed 
in the discharge piping. The small amount of moisture and oil 
from the compressor cylinder carried over to the distribution line 
is removed by traps. These traps are placed at low points in the 
line for gravity drainage. 

An air receiver is placed in the discharge line after the after- 
cooler to damp the pulsations of the reciprocating compressor 
and to provide storage of compressed air when the peak demand is 
greater than the capacity of the compressor. Since the air cools 
in a receiver, its dew point is lowered and additional condensation 
takes place, which is removed by a blowoff or a trap. Because 
air is compressible, the damage resulting from a ruptured receiver 
is likely to be severe; consequently, the Authority always speci- 
fies that the tank shall be fabricated in accordance with the 
A.S.M.E. Code for Unfired Pressure Vessels. 

Certain features of design are observed in the layout of the 
compressed-air system; some of these are essential and others 
are desirable. The air intake is connected to outside air whenever 
possible and fitted with a filter. When this is not feasible, the 
compressor is located in the lower levels of the substructure where 
the air is relatively cool and clean. A valve is never placed in the 
discharge line between compressor and receiver without an inter- 
vening safety valve. All air-hose connections are made at the 
tops of headers to prevent picking up moisture. Cooling water is 
discharged through an open funnel so that it may be tested for 
temperature by feeling. The Authority uses black steel unin- 
sulated pipe for air lines. Internal corrosion from condensate 
has not evidenced itself up to the present time. 

The use of air for depressing tail water below the runner? and 
for protection against ice at spillway gates* has been fully de- 
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scribed in other articles and will be omitted from this paper. 

Governor and Lubricating Oil. The Authority uses the same 
oil for the governor pressure system and for the lubrication of the 
generator thrust bearing. Some difference of opinion between 
the governor and generator manufacturers has arisen lately over 
the viscosity of this oil. The generator manufacturers prefer an 
oil with a viscosity in excess of 300 S.S.U. at 100 F, while the 
governor manufacturers prefer this viscosity to be around 250 
$.8.U. at 100 F. In order to avoid the necessity of two separate 
oil systems, oil with a viscosity of 300 8.S8.U. at 100 F will be pur- 
chased in the future. 

We hav2 found that purifying oil by centrifugal force is satis- 
factory and economical, and we have standardized on that type 
of machine. A self-contained and enclosed stationary 350-gph 
unit, complete with centrifuge, motor, pump, electric heaters, 
temperature control, and all standard accessories, is purchased 
for each plant. In the early stages of the Tennessee Valley Au- 
thority program consideration was given to the use of a portable 
machine which could be transported to individual plants as re- 
quired. A central purifying depot, where oil from all plants could 
be shipped for processing, was also considered. These were both 
ruled out because of operating inconveniences involved and be- 
cause the cost of a purifying system is a very small percentage of 
the total cost of each plant. 

Two tanks are provided for each project, one for clean oil and 
one for dirty oil. Each tank has sufficient storage for the oil in 
one unit thrust bearing, plus the oil in one governor system, plus 
a few hundred gallons of extra capacity. When space permits, 
these tanks are located in the powerhouse adjacent to the oil- 
purification room. In plants where no space is available the 
tanks are buried in the fill outside the powerhouse wall. Tanks 
placed in this manner are designed with an extra '/,¢ in. of metal 
to allow for corrosion. In either case the storage tanks are always 
located so that they may be filled by gravity from the ground 
level and still provide a positive head on the pumps. 

One clean-oil pump and one dirty-oil pump are furnished for 
each powerhouse. The pumps are standard positive-displacement 
type with built-in relief valves and are rated 30 gpm when pump- 
ing oil at 50 F. A complete piping system is installed at each 
plant between the units and the purification facilities. The 
Authority uses black steel, scale-free uninsulated pipe for these 
oil lines. Experience has proved that it’ is difficult to prevent 
leaks in piping using screwed malleable fittings, especially when 
the oil is hot, as around the centrifuge. Consequently welded 
joints are used throughout, except at valves and unions, with 
forged-steel socket welding fittings used for sizes 2 in. and smaller. 
Oil-resistant gaskets are used when it is necessary to use 
flanges. No matter how well a pipe line is cleaned, there will 
always be scale and welding particles carried along in the oil, 
especially when starting the system. For this reason a filter is 
installed in the line leading to each unit and a standard Y-type 
strainer with '/,:--in. perforations is used on each pump suction. 
These filters have 0.005-in. openings through metal slots and are 
equipped with built-in knife-blade cleaners. 

Insulating Oil. Because of its different characteristics from 
lubricating oil, a separate oil-purification system is installed in 
each plant for the insulating oil used in the transformers, circuit 
breakers, and other oil-filled electrical equipment. The same 
type of machine is used as just described, but because of the 
larger volumes handled, its capacity is increased to 600 gph. A 
filter press which raises the purifying capacity to 900 gph is 
added to this machine to remove the colloidal carbon from the oil. 

One clean- and one dirty-oil pump are installed in each plant. 
They are of the same type as the pumps for the lubricating-oil 
system, with the capacities increased to 100 gpm each. At some 
plants it is possible to return the dirty oil from the switchyard 


OCTOBER, 1946 


to the storage and purification rooms by gravity, and no dirty-oil 
pump is supplied. One clean-oil tank, one dirty-breaker-oil 
tank, and two dirty-transformer-oil tanks are provided at each 
plant. In this way the breaker oil and transformer oil are never 
mixed after they once have been used. Each of the circuit- 
breaker-oil tanks (clean and dirty) has storage capacity for one 
breaker, and the two dirty-oil transformer tanks have a total 
storage capacity for one transformer. 

The same comments apply for the piping as for lubricating oil, 
except that black wrought iron is used for underground lines in 
the switchyard. The supply and return lines in the switchyard 
are not permanently connected to the transformers and breakers; 
instead, a valve is located in each line near the equipment and a 
flexible hose is used when filling or draining is necessary. This 
hose has a specially treated synthetic-rubber lining and is equipped 
with a flexible ball-joint fitting to facilitate attachment to the 
service valve. Because the oil is changed at infrequent intervals 
we find this arrangement entirely satisfactory. 

Runner-Hub Oil. In the main river plants which have Kaplan 
turbines the runner hub is filled with a heavy oil for lubricating 
the internal blade-operating mechanism. ‘This oil has a viscosity 
of approximately 1700 8.S.U. at 100 F. Whenever the runner is 
dismantled for inspection or repair, it is necessary to remove this 
oil, and since there are approximately 1500 gal of oil in each hub, 
the Authority salvages it for re-use. 

A black steel pipe header is installed in the access gallery lo- 
cated below the units in each plant. Branch headers lead from 
this line to the draft-tube access doors of each unit, and connec- 
tion to the hub is made with a flexible hose. An 8-gpm motor- 
driven screw-type portable pump and two portable storage tanks 
are provided for transporting and storing the oil during the dis- 
mantling of the unit. Because of the infrequency of this opera- 
tion, the storage tanks and the pump were made portable so that 
they may be transferred from plant to plant as required. Two 
storage tanks were supplied to reduce the volume of each tank to 
facilitate handling. 

Raw Water. Raw water is used in the Authority’s plants for 
cooling water for the main generators, for the air compressors, 
and for the air-conditioning equipment, and in some plants for 
fire protection, for lubricating the turbine guide bearing, and 
for supplying make-up for the treated-water system. 

In the low-head plants water is taken from the scroll case of 
each unit and pumped through a multiple basket strainer having 
3/is-in. openings to a header leading to the station system. One 
pump is located at each unit to insure a positive cooling-water 
supply, and a stand-by pump is installed in the service bay of each 
plant. This latter pump is connected to the forebay by a separate 
intake and can supply any unit with cooling water in an emer- 
gency. All the pumps are connected into a header running the 
length of the powerhouse so that the chances of any one unit being 
without cooling water are remote. 

The pumps are horizontally split-case, double-suction, single- 
stage, volute-type centrifugal units. Specifications include en- 
closed bronze impeller with wearing rings, bronze shaft sleeves 
through the stuffing box, water-seal piping, and deep stuffing 
boxes. Experience has proved that this type of pump will give 
years of service with little maintenance except occasional repack- 
ing or lubrication of the bearings. A booster pump is installed 
in each plant service system using raw water where the forebay 
pressure is insufficient for a gravity supply. Sometimes the oper- 
ating requirements of two or more of these systems make it pos- 
sible to supply them with water from one pump. Quantities in- 
volved are usually low, and single-stage single-suction pumps are 
used. The Authority has found the close-coupled type of pump 
very satisfactory for this service. 

In the high-head plants a separate intake from each unit pen- 
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stock is connected to a central manifold from which the individual 
systems are supplied, with pressure-reducing valves installed as 
required. An air-cushion chamber is installed on the manifold to 
absorb the water hammer caused by the operation of the system. 
When the raw-water system supplies the make-up for the treated- 
water system, intakes at different levels are provided in the dam 
to enable the operator to take advantage of the varying water 
temperatures, turbidities, and chemical contents of the lake 
water at different levels. 

The Authority uses black steel pipe for exposed raw-water 
piping, except that galvanized steel is sometimes used in the 
smaller sizes. Welded joints are used, except that flanged joints 
are used around equipment and valves. Gaskets are !/j¢.-in. red 
rubber. Raw-water lines buried in the ground are cast iron, bell 
and spigot, in accordance with standard waterworks practice. 
Black wrought-iron pipe is used for buried lines in sizes 11/2 in. 
and smaller, for sprinkler and general yard service. 

Lines are insulated in locations where sweating of the cold pipe 
would prove objectionable. Standard commercial insulating felt 
molded in 3-ft lengths and covered with 8-oz canvas jacket is 
used for straight runs of pipe. Fittings and irregular surfaces are 
covered with a layer of hair felt sealed with a waterproof-tape 
wrapping and a coating of asphaltic sealing compound. Insula- 
tion of 1 in. thickness has been found sufficient to prevent sweat- 
ing for the water temperatures and air humidities encountered in 
the low-head hydro plants, but 1'/, in. of insulation is necessary 
in the high-head plants because of the colder water. Regranu- 
lated cork has been used in some instances to prevent sweating, 
but unless it is applied very carefully and built up to a thickness 
of '/, in. or more, it is not as satisfactory as hair felt. This is 
especially true in the high-head plants where water temperatures 
sometimes go as low as 36 F. Raw-water lines subject to freezing 
temperatures are insulated with built-up hair felt. The required 
thickness is a function of the temperatures encountered and the 
amount of water passing through the line and is investigated for 
each condition. 

Treated Water. Treated water is used in the various hydro 
plants for all sanitary services, and in some plants for fire protec- 
tion. Whenever possible the Authority obtains its treated water 
from a near-by community, even if this involves laying a mile or 
two of transmission main. We have found it to be more economi- 
cal to purchase water in this manner than to install a treating 
system in the plant, requiring the services of an operator. How- 
ever, it has been necessary to install water-treating systems in 
most of the projects because of their isolated locations. 

At some projects the plant operators live close at hand and 
use water from the system. This increases the required capacity 
to the point where a conventional rapid sand gravity filter plant, 
with mixing chamber, coagulation basin, dry-chemical feeders, 
and chlorinator is justified. The water treated in this area is such 
that alum and soda ash or lime are the reagents used. At some of 
the projects the demand is 10 gpm or less, and pressure filter 
plants are installed. Originally, pot feeders actuated by differen- 
tial flow across the orifices were installed for chemical feeding in 
the pressure filter plants, but our experience with them has not 
been satisfactory, and they have been replaced with solution- 
feeder pumps. Pot feeders are difficult to keep regulated, es- 
pecially when the temperature of the water supply varies consid- 
erably as it does with intermittent use. 

System pressure is obtained by using elevated storage tanks 
which usually are transferred from the construction activities at 
the project. At some of the high-head plants, where such a tank 
was not available and where raw water for fire protection could 
be obtained from pond storage, a pneumatic tank was installed for 
the treated-water system pressure. However, the controls 
for these tanks require a great deal of attention to keep them in 
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proper working order, and an elevated storage tank is much pre- 
ferred for this service. 

The foregoing comments for pumps, piping, and insulation of 
the raw-water system apply to the treated-water system also 
except that in the latter case more galvanized-steel pipe is used. 

Fire Protection. Raw water is used for fire protection in all 
plants where the minimum lake level provides sufficient pressure. 
The Authority has adopted 40 psi at the hose nozzle as the mini- 
mum pressure for this service, but a pressure of 60 to 70 psi is pre- 
ferred and is used when obtainable. In plants where this pres- 
sure is not obtained, fire protection is obtained from the treated- 
water system or by means of a booster pump. 

Fire-hose racks containing 50 ft of 1'/.-in. unlined linen hose 
with cast-brass nozzles are located throughout each powerhouse 
at strategic points for inside fire protection. Standard 4-in. 
A.W.W.A. fire hydrants, fitted with two 2'/.-in. nozzles, are lo- 
cated throughout the plant area and switchyard. A fire-hose 
cart equipped with a reel and three 50-ft lengths of 2/,-in. 
double-jacketed, flat-cured, cotton, rubber-lined hose with 
rocker-lug couplings is provided for switchyard fire protection. 
This is supplemented by a wheeled cart containing two 100-lb 
cylinders of CO,. National standard fire-hose threads are used 
for the 2!/.-in. hose and standard-iron-pipe threads for the 1'/-- 
in. hose. Standard underwriters’ play pipes are provided for out- 
door fires, except that for electrical fires a nozzle is used which 
atomizes the water spray to the point where it will not conduct 
electricity. 

Considerations were given to installing built-in fire-protection 
systems, using either water or CO, in the switchyards. These 
were ruled out because the remote possibility of these fires would 
not justify the cost of the installation. Sometimes transformers 
are installed very close to the powerhouse, as on the draft-tube 
deck. In such cases a fire might cause considerable damage, and 
built-in water systems, using fog nozzles, are installed. These 
systems are set off either manually by remote control, auto- 
matically by thermostats, or by the tripping of the transformer 
differential relay which is actuated by a short circuit in the trans- 
former. 

Carbon Dioxide. In addition to water fire protection, a com- 
plete CO, system is provided for each plant. This system pro- 
tects the main generators, the oil-purification room, and the oil- 
storage rooms. The CO, system is designed in accordance with 
the standards of the National Board of Fire Underwriters for 
class A systems, which calls for total flooding of enclosed spaces. 

A central supply of 50-lb storage cylinders sufficient to provide 
the gas concentration for one generator called for by the stand- 
ards mentioned, is connected to all the generators by a complete 
piping system. This system is energized either manually by re- 
mote control or automatically by thermostats located in each 
generator. A separate system of cylinders and piping is provided 
for the oil-purification and storage rooms. It is controlled either 
manually or by thermostats in the room being protected. When 
this system trips off, all doors and openings automatically close 
to confine the gas, and pumps, ventilating fans, and other moving 
equipment shut down. The gas-discharge nozzles in an oil-puri- 
fication room for one plant may be seen in Fig. 6. Portable con- 
tainers of carbon dioxide in the 4- and 15-lb sizes are located at 
various points throughout the powerhouse to supplement the built- 
in systems. 

Drainage and Unwatering. Roof, deck, and floor drainage in 
each plant is discharged either to the forebay or the tailrace 
whenever possible; however, it is necessary to carry some of the 
drainage to the station sump during periods of high tail-water 
levels. Galvanized steel pipe usually is used for roof drains, and 
black steel pipe for deck and floor drains. Screwed cast-iron 
drainage fittings which have recessed shoulders are used for all 
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systems. Expansion of roof-drain riser pipes is taken care of 
just under the roof either by fitting offsets in the pipes or by 
patented slip joints made for that purpose. Lines are uninsulated, 
except that deck drains are insulated against sweating when they 
run above false ceilings in the office areas. 

Lead and special-alloy cast-iron lines were originally installed 
for battery-room drains as a protection against acid. This has 
been changed to standard steel pipe because the weak concen- 
tration of the acid solution does not justify the extra cost of spe- 
cial pipe. 

The station sump in each plant is unwatered by two 300-gpm, 
float-controlled, deep-well-type, vertical-shaft turbine pumps 
operating in echelon. This type of pump keeps the motor above 
the wet conditions of an open sump. Very little sand or abrasive 
matter is present in the water, so enclosed or semienclosed im- 
pellers are specified. The pumps are bronze-mounted and oil- 
lubricated automatically by a solenoid valve energized with the 
motor circuit. 

At times it is necessary to unwater the draft tube of a unit for 
inspection. Each unit draft tube is connected to the station sump 
with a large-size cast-iron line containing a sectionalizing valve. 
The first project of the Authority had the outlet in the bottom of 
the draft tube, but this soon filled up with sediment and later 
projects have this outlet about 15 in. from the bottom of the 
draft-tube floor. Most plants have two deep-well-type vertical 
unwatering pumps which range in capacity from 2500 to 5000 
gpm, according to the volume of the draft tube. They are manu- 
ally operated and can augment the station sump pumps in an 
emergency. In those plants where sufficient head is available, 
unwatering is done by eductors. Since this pressure water comes 
* from the unit penstocks and since it is possible for the penstocks 
to be empty, the station drainage eductor is supplemented by one 
motor-driven sump pump. No supplementary pump is installed 
for draft-tube unwatering as unwatering operations may be 
scheduled for the times when a penstock is full of water. 

Piezometers. The Authority installs piezometers in the various 
water passages at each plant to check the hydraulic performance 
of the units, penstocks, and spillways and to operate flowmeters. 
These lines are */,-in. type K, extra-heavy, hard-copper tubing 
with solder-joint streamline fittings. Lines are installed carefully 
to avoid pockets and have a minimum pitch of 1 in. in 10 ft from 
the connection at the water passage to the terminal board. 

Plumbing. In general, the design of the plumbing systems in 
the hydro plants of the Authority follows the ‘‘Recommended 
Minimum Requirements for Plumbing” established by the Sub- 
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Water closets and urinals are provided with flush valves, with 
those on the urinals being foot-operated. All lavatories are 
equipped with mixing faucets. Hot water is supplied by thermo- 
static-controlled tanks with immersion-type ‘elements. These 
tanks vary in size from 10 to 120 gal. Where the hot-water lines 
are of considerable length, a small circulating pump is installed; 
however, in some instances it has been found more economical to 
purchase more than one heater, thus eliminating long runs of 
piping. A mixing valve is used in the showers to prevent the 
possibility of scalding. Drinking water is furnished by self-con- 
tained electric coolers located throughout each plant. Wall 
fountains supplied with chilled water from the remote connections 
on the water coolers are also used. Acid-resisting, enameled, 
cast-iron sinks have replaced stoneware sinks which were used 
in the battery rooms of some of the earlier hydro plants. 

Type K, extra-heavy, hard-copper tubing with solder-joint 
fittings is used for all sanitary-water service because its small ad- 
ditional cost is justified by its longer life and its ease of installa- 
tion. Air chambers 18 in. long are installed as close to the fixtures 
as possible to absorb the surges caused by quick-closing faucets 
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or valves. Water pressures are maintained at approximately 50 
psi, with no pressures exceeding 85 psi at a fixture. Excessive 
pressure results in leakage, water hammer, and high maintenance 
costs. Valves are provided at each fixture to permit repairs with- 
out shutting off a whole group of fixtures. Vacuum breakers are 
installed on all fixtures that are directly connected to the water 
supply to prevent polluted water from being siphoned into the 
water lines. Although ordinarily the pressure in the water lines 
prevents the entrance of polluted water, sometimes a partial 
vacuum occurs which causes siphoning unless vacuum breakers 
are installed. Floor drains in the toilet rooms have been elimi- 
natedinthelater plants because they are so infrequently used that 
water evaporates in the traps and sewer gas enters the room. 

All exposed soil and waste lines are standard-weight, galvan- 
ized, wrought-iron pipe with black, screwed, cast-iron drainage 
fittings. Extra-heavy cast-iron soil pipe and fittings are used for 
embedded lines. Galvanized wrought-iron pipe with black 
malleable-iron fittings is used for vent lines; where possible, the 
vents are all connected to the main vent stack to reduce the num- 
ber of pipes projecting above the roof. A septic tank is installed 
in each plant with effluent discharged to tail water. 

Hot-water piping is insulated with standard molded 3-ft sec- 
tions of 6-ply preshrunk corrugated asbestos paper, 1 in. thick, 
and covered with 8-oz canvas pasted on. Fittings in hot-water 
lines are covered with insulating cement. 

Heating, Ventilating, and Air Conditioning. Since the power- 
houses are relatively large, with limited occupancy, and the ma- 
terials of construction are such as to absorb large quantities of 
heat, the power requirements for general heating to comfort con- 
ditions are greater than can be justified. Consequently, only 
those areas where attendance is required are heated to 72 F, while 
the rest of the spaces are heated only as required for the relief of 
dampness or excessive chill. 

All heating is by electric-resistance heaters. Except for the 
air-conditioned areas, heaters, in general, are thermostat-con- 
trolled, fan-type, 440-volt, three-phase units, with auxiliary on- 
off-auto manual switches. In some of the smaller areas 220-volt, 
single-phase, thermostat-controlled heaters are used. They are 
either gravity convection heaters recessed in the walls or sus- 
pended fan units as space or architectural considerations may re- 
quire. In addition to these permanent heaters, outlets are pro- 
vided throughout each powerhouse to which portable electric 
heaters may be connected as desired. In some of the powerhouses 
air used for ventilating electrical equipment is recirculated, thus 
utilizing the heat dissipated. In one plant this reclaimed heat 
amounted to more than 100 kw. 

Ventilation is provided in the several areas of each plant ac- 
cording to the need for human comfort, for the dissipation of heat 
from electrical equipment and solar radiation on roofs, walls, 
and decks, and for the relief of dampness. In a number of plants 
where the arrangement and design of the electrical equipment re- 
quire, parts of the electrical apparatus, including the main genera- 
tor leads, are ventilated to prevent damage from overheating. 
Ventilation is provided in the tunnels and lower galleries for the 
relief of excessively damp and stagnant conditions. 

The scheme of ventilation is a problem which must be solved in 
each individual plant. The usual practice of the Authority is to 
introduce air into the generator room and lower parts of the serv- 
ice bay and to exhaust this air through the other spaces to be 
ventilated by separate fans. In a few plants the fresh air is in- 
troduced by gravity, but in most powerhouses a number of supply 
fans are employed. The arrangement of each powerhouse usually 
is such that most of the more important spaces adjoin the genera- 
tor room or are connected to it by open passages. These spaces 
are grouped together according to location and similarity of ven- 
tilating requirements into a number of groups, and each group is 
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served by a separate exhaust system. In the semienclosed type 
of hydro plant, where the intake deck is just above the generators, 
the excess heat from the generators and from solar radiation on 
the deck above escapes through louvers in the generator hatch 
covers over the machines. These louvers may be closed in winter, 
if desired, to conserve heat. 

For convenience of maintenance and for economy of space, all 
the fans in the powerhouse are grouped usually into two separate 
fan stations. Fig. 7 shows an exhaust-fan gtation for one plant. 
It may be seen from this view that both direct-connected and 
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belt-driven fans are used. When the discharge pressure is fairly 
constant, fans with forward-curved blades at low rotative speeds 
are sometimes used. However, most of the fans used by the 
Authority have backward-curved blades because of their high 
efficiencies over a wide range of performance and because of the 
nonoverloading characteristic of that type of blade. It is also 
better suited to high speeds and hence more adaptable to direct 
connection. Inlet dampers are used where close control of the 
discharge pressure or of the delivery of a fan is desired. These 
dampers are operated by either a pneumatic or an electric motor 
actuated by the discharge pressure. Resilient bases, usually 
rubber-mounted, are used under fans when it is necessary to elimi- 
nate vibration or reduce noise.’ 

Air conditioning is provided in certain spaces of each power- 
house for the protection of delicate electrical equipment and for 
human comfort. Beeause of variations in the heating and cooling 
requirements of the different parts of the powerhouse, the air-con- 
ditioning spaces usually are divided into three systems. One sys- 
tem serves the control room and its related spaces, another 
system serves the office areas, while the third system serves the 
public spaces, including the lobby and entrance vestibules. Other 
spaces, such as the telephone-equipment room, the laboratory, the 
assembly room, and the first-aid station, are served by one or more 
of the three systems. The control-room-system areas are grouped 
together because with their limited outside exposures and heavy 
heat losses from electrical equipment, they may require cooling at 
times when the other spaces require heating. The office system 
areas are served together because of similarity of exposure and 
thermal load, and the spaces served by the public spaces system 
are grouped together because of their proximity. 

The individual air-conditioning systems may be used for 
ventilating, heating, and humidifying, or cooling and dehumidi- 
fying as required. Electric blast heaters are used for heating, and 
their operation is thermostatically regulated with auxiliary man- 
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ual control. Humidification is provided by discharge of live 
steam generated by an electric immersion heater in an open pan 
in the plenum of each system. Cooling is by finned-type surface 
coolers, using chilled water in the coils. In the high-head plants 
where storage water is available at 55 F or less, lake water is used; 
in the other plants water is chilled by mechanical refrigeration. 

Each of the air-conditioning systems can be placed on the heat- 
ing, cooling, or ventilating cycles as desired and the control and 
operation of each is independent, that is, one system may be 
operating on the heating cycle while the other systems are on the 
cooling or ventilating cycles. Each system is complete with fan, 
electric blast heaters, humidifier, cooling coils, and filters, to- 
gether with the manual, thermostatic, and other automatic con- 
trol and safety devices necessary for its operation. Fans for air 
conditioning have two-speed motors or adjustable variable-speed 
motors, with the low speed used for the heating cycle and the high 
speed used for the cooling cycle. 

The air filters are of the dry-filter type with filtering medium of 
paper, felted cotton, or felted glass fiber. Cell-type construction 
is used, and spare cells and filter media are provided at each 
plant. 

In those plants having mechanical refrigeration, one water-chill- 
ing system serves all air-conditioning systems. The water- 
cooling equipment consists of one or more single-acting, multi- 
cylinder refrigerant compressors, a shell-and-tube-type water 
cooler, and a shell-and-tube-type condenser, all piped together 
and assembled as a unit. Welded joints are preferred for the steel 
refrigerant piping to minimize leakage, but tongue-and-groove- 
type flanged joints are used for connections to the compressor 
and refrigerant specialties. Piping smaller than 1 in. is usually 
extra-heavy copper tubing with sweated joints. The refrigerant 
is freon-12 which is nontoxic, noninflammable, and nonexplosive. 
Lake water, usually supplied by gravity, is used for condensing. 

The air-conditioning system in each plant is automatic and in 
order to prevent excessive starting and stopping of the compres- 
sor a separate storage tank of chilled water is provided. Water 
is circulated from this tank by a small pump which responds to 
demands for cooling water. The chilled-water piping is insulated 
with cork, glass fiber, or mineral cork, ice-water thickness, and 
covered with a sealing tape and compound. Supply ducts are 
insulated with 1-in. boards of the same material and sealed with 
an airtight coating. Return-air ducts are not insulated. Fans, 
tanks, and plenums are insulated as required in the same manner 
as the ducts. 

Machine-Shop Equipment. Each plant has a permanent ma- 
chine shop, usually located just off the erection space on the gener- 
ator floor. The size of the machine shops and the amount of 
equipment in them vary in the various plants according to the 
proximity of outside repair service. However, even in the iso- 
lated plants which have the maximum complement of machine 
tools, it is not intended that they be able to make all major repairs 
which may be necessary. 

Experience has shown that the following list of machine tools 
is sufficient to take care of all the normal repair work in any plant: 


1—8-in. engine lathe 

1—9-in. bench lathe 

1—24-in. shaper 

1—30-in. upright drill 

1—10-in. sensitive drill 

1—9 X 9-in. power hack saw 

1—12-in. grinder . 
1—portable pipe-threading machine, '/; in. to 2 in. 
1—tool-post grinder 


The larger machine tools are specified for medium-duty gen- 
eral-purpose precision work. In addition to these machines, each 
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plant is provided with a portable forge, blacksmith accessories, 
and a full complement of small tools. Fig. 8 shows a typical ma- 
chine shop. The forge in this view has been superseded in later 
plants by a portable forge. 
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Discussion 


Sasin Crocker.‘ The paper is principally devoted to de- 
scribing the several piping systems required in hydroelectric 
plants and gives an excellent analysis of the basic considerations 
for good design of such systems. In general, the writer subscribes 
to and endorses the author’s views on simplicity and neatness of 
arrangement with a view to improving appearance and at the 
same time making the purpose of the connections and valving 
readily apparent. Those interested in furthering a better under- 
standing of the requisites of good design are indebted to the 
author for having taken the trouble to discuss the fundamental 
principles of piping layouts in a published paper where the in- 
formation will be available to young engineers interested in im- 
proving their piping technique. 

There is only one point noticed by the writer which seems to 
warrant further explanation. This relates to the following ob- 
servation: 

“In some of the larger-size mains, it has proved advantageous 
to use spiral-welded pipe. This is especially true in drainage lines 
embedded in concrete where the cost of steel or cast-iron pipe 
would not be justified.” 

The writer would like to inquire whether the foregoing state- 
ment should be construed to mean that the author considers it 
desirable to cast concrete solidly around drain pipes or other 
pipes conveying fluids. This question is prompted by the fact 
that cracking or settlement of concrete is apt to fracture any pipe 
solidly embedded therein, thus permitting the contents to escape 
or seep away to the general detriment of the piping system and 
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plant. As a protection against trouble of this sort it is usual 
practice to provide a continuous protecting conduit of larger 
diameter around a pipe buried in concrete so that the outer con- 
duit can fracture from any moderate settlement without damage 
to the pipe itself. The writer would like to inquire whether the 
author recommends dispensing with such outer conduit for drain 
lines and if so, under what conditions he considers this advisable. 


J. B. Curter.’ The author’s paper is very interesting and 
should be of value to hydroelectric-power engineers as it gives a 
general description of the type and arrangement of mechanical 
auxiliaries that the TVA engineers consider to be the most satis- 
factory after many years of operating experience in many plants. 

It may be of some interest to mention a few of the mechanical 
features in our Safe Harbor Hydroelectric Station, which was 
first placed in operation in 1931, that are different or operate on a 
somewhat different basis from the TVA equipment referred to in 
the paper. 

Piping and Color Code. The piping systems at Safe Harbor 
are identified by a color code. The greater portions of these 
lines, where visible, are painted solidly in the selected code color, 
and it is our opinion that with this arrangement, quick identifica- 
tion of a service line in an emergency is possible. An exception 
to this rule is made only for a small portion of some of these lines 
where, for architectural reasons, another color may be desirable. 

All of the valves are identified by tags in a manner similar to 
that used by TVA, but at Safe Harbor only the valve code num- 
ber is indicated. The service is readily identified by the solid 
code color of the pipe line, and the code numbers indicate the 
main power unit which is served by that line and the position of 
the valve therein. Odd numbers indicate the supply, and even 
numbers the return lines. A typical identification number for a 
valve in the raw-water system, serving power unit No. 3 and being 
the fifth valve in sequence in the supply line, would be 3-RW-5. 

Control Valves. At Safe Harbor, when it is desired to operate 
a unit as a synchronous condenser, the elevation of water in the 
draft tube is automatically depressed by the admission of com- 
pressed air through the head cover of the turbine. An adjustable 


5 Mechanical Engineer, Pennsylvania Water & Power Company, 
Baltimore, Md. Mem. A.S.M.E, 
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type of reducing valve is used to maintain a constant pressure be- 
low the head cover, and although it is necessary to reset this 
valve for changes in the tail-water elevation greater than 8 or 10 ft, 
such changes are very infrequent. This system has operated 
satisfactorily since the units were first installed and no trouble has 
been encountered. Inspections are made, however, every 3 or 4 
years, and as the result of some of these inspections it has been 
found desirable to overhaul the valve mechanisms. 

The float-operating systems used by TVA would have the ad- 
vantage of maintaining a constant level of water in the draft tubes 
regardless of the variations in tail-water elevations. It would be 
interesting to learn from the author whether any mechanical 
difficulties have ever been experienced in the operation of these 
floats. 

Governor and Lubricating Oil. Similar to the arrangement 
used in the TVA plants, one grade of oil is used at Safe Harbor for 
both the governor and the unit guide and thrust bearings, and 
this oil is handled by one pipe, purifying and storage system. 
This arrangement has proved to be entirely satisfactory and the 
same quality of oil has been used since the date of initial operation 
of this plant. The viscosity of the oil at Safe Harbor is approxi- 
mately 250 SSU at 100 F, which is somewhat lower than the vis- 
cosity value of the oil used in the TVA systems. The oil at Safe 
Harbor is purified about once a year using a centrifugal type of 
purifying unit for this operation. It would be interesting to learn 
how frequently it has been found desirable to purify the oil now 
being used for TVA. 

Runner-Hub Oil. The oil used in the runner hubs of the Safe 
Harbor turbines has a viscosity of approximately 1600 SSU at 
100 F. At 40 F the viscosity is very much higher or somewhere 
around 19,000. This grade of oil has proved to be satisfactory 
for this service both during the summer and winter seasons. 

The author states that the oil used for this same purpose in the 
TVA stations has a viscosity of only about 1700 at 100 F, which, it 
will be noted, is a very much thinner grade than the oil seleeted 
for Safe Harbor. In view of this very wide difference in vis- 
cosity characteristics any further information the author may 
submit in regard to TVA operating experience with their oil should 
be interesting. 

AvutHor’s CLOSURE 

Mr. Crocker’s comment relative to the embedment of pipe in 

concrete is pertinent. ‘The proper procedure under such circum- 


stances should be determined by consultation between the pipiag 
designer and the concrete designer. The concrete designer has 


673 


no wish to design a structure which will crack or settle, as the 
resulting damage to the dam or powerhouse holds as much or 
more risk as the damage which may be caused by a cracked pipe. 
The TVA has made every effort to design concrete structures 
with a minimum of cracking, and actual experience in the em- 
bedding of pipe solidly in this concrete has proved completely 
successful. However, if the concrete designer decides that unus- 
ual settlements may be expected, or if he must put in special 
contraction joints to care for possible cracking, then the piping 
designer must be aware of these facts in order that he may design 
his piping with such special protection as is necessary. It should 
be pointed out that if the embedded pipe has any bends in it, 
it would be very difficult and expensive to provide a continuous 
conduit of larger diameter around the pipe as Mr. Crocker sug- 
gests. 

Mr. Cutler’s comments on this paper are very interesting as 
the writer formerly was associated with him and helped develop 
some of the features he mentions about the Safe Harbor hydro- 
electric station. 

The author believes the TVA method of painting piping sys- 
tems is an improvement over the Safe Harbor method. The 
Authority’s system, which paints all the various pipes with one 
color (aluminum) with identifying colors at fittings and flanges, 
provides a more pleasing appearance. This is obtained without 
sacrificing quick identification in case of emergency, because all 
valves are painted with the identifying color, and it is the valve, 
not the pipe, which controls an emergency. 

tegarding the identifying valve tags, anything which aids the 
operator in establishing the function of a valve is to be desired. 
The naming of a system on the tag performs that function and 
adds very little to the cost of the tag. The Authority uses the 
same system of numbering valves on supply and drain lines as 
Safe Harbor. 

We have found the float-operated valve very satisfactory for 
controlling the water level below the runner when it is operating 
as a synchronous condenser. It is preferred over the pressure- 
operated control in that it is much more sensitive and does not 
need to be reset. No operating difficulties have been experi- 
enced with the float-operated valve. 

Under normal operating conditions the oil in the governor and 
lubricating-oil systems is purified once a year, at the time of the 
annual inspection, 

The oil used in the rubber hub has a viscosity of 1700 at 100 F. 
The 40 F figure as given in the preprint was an error which 
slipped through all the checkings of this article. 
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PeRFORMANCE D1aGRAM OF 100-IN-DiscHaRGE-D1AM FRANCIS TURBINE 


(Efficiencies from model test, not stepped up.) 


A Better Method of Representing and 
Studying Water-Turbine Performance 


By R. A. SUTHERLAND,' NEW YORK, N. Y. 


The author indicates that the contour form of turbine- 
efficiency diagram has advantages in giving a clearer picture 
of performance than the usual efficiency curves. An ex- 
ample illustrates that several different variables can be 
shown on such diagrams. Formulas are derived for find- 
ing the discharge diameters of runners and are illustrated 
by examples. A simple method of determining the mu- 
tual influence of turbine speed and water hammer during 
transient conditions is illustrated by an example. Finally, 
the operating stability of a water turbine supplying an 
independent load is brought forward for discussion. 


INTRODUCTION 


ATER-turbine performance is usually represented by 
‘performance curves” consisting of a series of power- 
efficiency curves for different heads; the efficiencies 
shown may be either “expected” or “guaranteed,” and the 
curves of course apply only to a selected size and speed of runner 
of a selected type. Such curves are made by “picking off” from 
test curves which give unit power and efficiency of a given size 
of runner at various gate openings in terms of “unit speed’ or 


' Hydraulic Engineer, Ebasco Services, Inc. Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Spring Meeting, Chattanooga, Tenn., April 1-3, 1946, of Taz AMERI- 
CAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


sometimes of “peripheral coefficient.” Such curves have been 
reproduced elsewhere? and need not be repeated here. 

The performance curves contain the minimum amount of in- 
formation required by a purchaser and for many purposes are 
entirely adequate. 

Another type of performance curve is in the form of an ef- 
ficiency contour diagram, examples of which appear in several 
texts.? 

The author has found that the contour type of diagram is well 
adapted for the following purposes: 


1 The synthesis of available data on turbine performance. 
2 Comparison of different runners. 

3 Guide to operation. 

4 Study of turbine behavior under transient conditions. 


Typical Erriciency DIAGRAM 


Fig. 1 represents an efficiency-contour performance diagram 
for the Norris and Hiwassee turbine model, the data being plotted 
from the published test diagrams. The size assumed in Fig. 1 
is 100 in. discharge diam, to facilitate ready conversion for other 
sizes. In addition to efficiency, gate openings, and specific speed, 


?“Francis-Turbine Installations of the Norris and Hiwassee 
Projects,’’ by G. R. Rich and J. F. Roberts, Trans. A.S.M.E., vol. 64, 
1942, p. 26. 

3 For example, ‘‘Water Power Engineering,” third edition, by 
H. K. Barrows, McGraw-Hill Book Company, Inc., New York, N. Y., 
1943, p. 239. 
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400 
0.183 
is 20 2s 30 40 50 60 70 80 90 
Ns 
Fie. 2. Francis Runners; D1aAMeTeER NUMBER IN TERMS OF N, 
the diagram also includes some lines representing “diameter Hp'’* 
number,” which is a new concept as far as the author is aware. D = 152 N. aa ace aaa 5] 


The expression for D, is obtained by eliminating head from the 
basic homologous equations 


(1] 
N= [2] 


where A and B are constants, just as the well-known expression 
for specific speed is obtained by eliminating D from these equa- 
tions. By eliminating H from Equations [1] and [2], we obtain 


B Hp Hp'/* 


In the present paper discharge diameters (in inches) are used 
throughout and values of the diameter number D, are similarly 
applicable to discharge diameters (in inches). The symbol D, 
has been represented by analogy with the universally used sym- 
bol for specific speed, but the author has avoided the use of the 
word “specific diameter,”’ since D, is not dimensionally a length, 
any more than N, is dimensionally a speed. 

The diagram shown in Fig. 1 can readily be converted by the 
principles of homology to apply to any selected size of runner of 
the same model type. The values of the efficiency should be 
stepped up to give an appropriate peak value, as determined by 
experience or by the use of the Moody formula applied to the 
original model. The 100-in-discharge-diam runner represented 
in Fig. 1 would be suitable for use at a normal head of 170 ft, and 
at a speed of 180 rpm. The unit speed would be 13.8 rpm, 
and the full-gate unit power at normal head would be 11.8 hp. 
Allowing a 5 per cent margin in power, the rated horsepower of 
such a turbine would be 25,000 hp. The D, value at rated power 
would be 


180°/* 


35,0007 298 


100 X 


SYNTHESIS OF DaTA 


By tabulating data from a number of turbine tests, expressions 
can be obtained for various factors in terms of N,. In the limita- 
tions of space only D, will be considered here. Fig. 2 shows 
values of D, for Francis turbines in terms of N,, each being for 
rated horsepower, which in the case of models has been assumed 
5 per cent less than the full-gate power at rated best speed. 
The graph can be represented by the equation 


D, = 152 [4] 


Combining Equations [3] and [4] gives the following expression 
for discharge diameter 


This equation is believed to be more logical as a means of find- 
ing the discharge diameter of a Francis runner than others in- 
volving head, for the reason that the rated head can always be al- 
tered a few feet, while a synchronous speed must be used. The 
equation can, however, be expressed in these alternative forms 


152 Hp'/* 


Table 1 shows a comparison of diameters obtained by Equa- 
tion [5] with actual diameters of a number of turbines, and the 
results of other methods as noted are given for comparison. 

If the specific speed of a Francis turbine be assumed to equal 
—7,, Equation [5] can be simplified (at the cost of some approxi- 
H' 2’ 
mation) to the following form 

1088 Hp?®-!89 
[8] 


N0.-722 


Equations [6] and [7] could, of course, be similarly simplified. 
Equation [8] is represented in Fig. 3. 

If a further simplifying assumption is made, namely, that 
rated load efficiency is 88 per cent, then Equation [8] reduces to 
the form 


3.127 


Values of the coefficient of Q'/* yary only from 2.51 at 600-ft 
head to 2.81 at 40-ft head, so that Equation [9] leads to a simple 
“rule of thumb”’ for finding approximate discharge diameter of a 
turbine required to use a given amount of water. A simple rule 
of this type is often useful in preliminary investigation. 

For the sake of completeness, equations for the diameters of 
fixed-blade-propeller and Kaplan runners will be given without 
description of the supporting data. 

For fixed-blade-propeller runners 


Hp'/* 
For Kaplan runners 
Hp'/* 


4 This equation can be readily solved on a log-log slide rule without 
resort to tables or charts. 
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TABLE 1 DISCHARGE DIAMETER OF FRANCIS TURBINE 


No, Name Read HP Speed Spec. 
in RPM Speed 
feet N, 
(1) (2) (3) (4) (5) 
1 = Stevens Creek 27 3 125 756 68.1 
2 Amoskeog 46 7 500 112.5 81.5 
3 Kitchell 70 24 000 100 76.5 
4 Upper Falls 64 14 250 105.8 69.8 
5 Sherman Island 66 10 000 150 79.8 
6 Muscle Shoals 95 30 000 100 58.4 
7 Sturgeon Pool 105 6 300 277 65.2 
8 Bridgewater 115 13 200 171.5 52.3 
9 Rock Island 142 22 000 164 49.6 
10 Shawinigan 145 49 000 138.3 60.9 
11 Kern River Canyon 240 12 000 257 29.8 
12 Queenston 305 63 900 187.5 37.0 
13. Kerekhoff 315 15 000 360 33.2 
14 Davis Pridge 350 20 000 360 31.0 
15 Pit River No, 1 421.5 45 000 257 28.5 
16 San Francisquito 515 22 000 428 25.8 
7 Oak Grove 849 36 200 514 20.4 
1@ Norris 180 8&1 600 112.5 48.8 
19 Bartlett 112 26 700 150 67.2 
20 Wilson 92 40 400 100 70.5 
21 Conowingo 89 54 000 81.8 69.5 
22 Boulder 475 115 000 180 27.5 
23. ~Hiwassee 190 80 000 120 48.1 
24 Dmnieprostroy 123 100 000 88.2 68.0 
25 Beauharnois 80 53 000 75 72,0 
26 Holtwood 62 20 000 94.7 77.0 
27 «Waterville 840 57 000 400 21.1 
28 Diablo 327 90 700 171.5 37.2 
29 «=2Fifteen Mile Falls 180 54 200 138.5 48.9 
30 = Shipshaw 208 85 000 128.5 47.3 
31 Chute a Caron 150 65 000 120 58.3 
32 «Bellows Falls 57 17 500 85.7 T24 
33 «Parker 80 40 000 9427 79.0 
34 White Rapids 28 4 200 100 101.0 


NOTE: 
Items 
Items 
Items 
Items 
Items 


22 to 26 incl. Ditto 


27 to 34 incl. Supplied by S. Morgan Smith Coy 


Results obtained by these formulas are given in Tables 2 and 
3, respectively, the former of which includes also the results of 
other methods. 


| 


} DISCHARGE TER 
oF 
FRANCIS RUNNERS 


SPEED RPM 


Fig. 3. DiscHarce DIAMETER OF FRANCIS RUNNERS 


in Col. 9 from "Hydro-electrical Handbook," Creager & Justin, Wiley, N.Y., 1927, pe 604, Pig. 395. 
in Col. 10 from "Mechanical Engineer's Handbook-Power," Kent, Wiley, N.Y., 1936, p.2-46, Fig. 12. 


Disch. Discharge Diameter. Inches 
dia Diameter By By By 
nh No. Eqn. 5 Creager Kent 
& 
inches s Justin 
(6) (7) (8) (9) (20) 
ul 376 123.5 131.5 123 
126 359 119. 130 117 
166 350 159.5 172.5 157 
153.5 372 137 145.5 13% 
104 333 106 5 104.5 
179.5 362 158.5 160 168 
66.7 338 64.5 67.5 64 
% 315 95 97 96.5 
108 jl 107.5 107.5 108.5 
126 279 146.5 *151 145.5 
67 286 6 59.5 66.5 
129 328 116.5 109 118 
64 320 57.5 53.5 59 
62 293 60.5 5305 59 
93 304 85.5 86.5 
56 277 53.5 47 53.5 
50 259 51 43.5 49.5 
165 292 174.5 1% 177 
132 347 125 132.5 124 
179.5 342 174.5 186 173 
213 339 208 221.5 206 
132 289 127.5 112.5 128 
165 05 167 166.5 169.5 
230 338 224 238 222 
228 345 29.5 234-5 217.5 
149.5 316 159 172 157 
65.4 65 --- --- 
127.5 131.5 ous 
160 162 162 
165 --- 166 
187 “<2 184 --- --- 
128 --- 118.5 --- 


Items 1 to 17 incl. from "Water Power Engineering" by Barrows, McGraw-Hill, NY, 1943, pages 424-7, omitting plants earlier than 1920, 
18 to 21 incl. from "Preliminary Selection of Hydraulic Turbines,® W.L. Voorduin, T.V.A. 1941, p. 13, Fig. 2 


p. 12, Fig..1 


An enlarged diagram was used, 
4n enlarged diagram was used, 


The important bearing of sigma value on the best speed of 
propeller and Kaplan runners militates against obtaining accu- 
rate values of diameter for such runners by a formula which does 
not allow for the effect of the setting. 

Equations such as [5], [10], and [11] are useful in the prelimi- 
nary stages of powerhouse design. 


CoMPARISON OF DIFFERENT RUNNERS 


If diagrams similar to Fig. 1 are available for different runners 
of approximately the same specific speed, the runners can be 
compared by superposition of the diagrams. The logarithmic 
scale enables the “spread” of any efficiency contour (such as 85 
per cent or 90 per cent) to be compared as a measure of the per- 
centage of full load over which a given efficiency will be reached or 
surpassed. 

The contour diagram can be used equally as well as the more 
usual test diagram for “picking off”’ performance curves of two or 
more possible runners for given conditions. It can also be used 
to pick off directly the performance of a turbine at constant out- 
put under varying heads, a requirement which may apply to a 
plant which is used for peaking by being operated a limited 
number of hours per day at full generator capacity. The last- 
named pickoff is made by the use of an appropriate D, line, 
since these lines represent constant output once the size and 
speed of the unit have been fixed. It is known that some runners 
have a better sustained output at low heads than others, and this 
is at once shown on the contour diagram by the full-gate line con- 
tinuing to slope upward to the right, instead of bending back to 
the left. Such a runner might be advantageous in cases of peaking 
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TABLE 2 DIAMETER OF FIXED-BLADE-PROPELLER RUNNERS 


Name Head EP Speed Spec. 
in RPM Speed 

feet N 

8 

(1) (2) (3) (4) (5) 

London 22.4 6 600 90 150 
Crisp Co. Ga 27.8 5 500 100 116 
Holyoke No, 8 27.8 5 500 128 ug 
Drummondville 30 6 000 138.5 152 
Beebe Island 3204 5 500 150 144 
Slave Falls 3403 13 800 94.7 134 
Lewiston 35 7000 138.5 136 
Lovisville 37.8 13 800 100 125 
Proser 39.5 4 200 200 130 
Wheeler 46.7 46 000 81.8 144 
Chat Falls 52.5 27 600 125 145 
Island Falls 56 14 000 163.6 126 
Great Falls 56 28 000 1138.5 151 
Cize Bolozon 574 11 400 187 126 
La Gabelle 65.2 36 500 120 124 
Seven Sisters 67 38 200 138.5 141 
Flat Rock 7.5 503 80 144 
Dixon 8 790 80 167 
Matte 11.4 305 200 168 
Troy 13.2 2 200 80 151 
Wyman 15.5 2 460 107 174 
Rheinfelden 17.1 2 220 107 144 
Lilla Edet 2.4 11 430 62.5 145 
Kachlet 25.2 7 350 75 114 
Canadian 30.1 3450 180 151 
Forshuvud 34 10 050 94 119 
Louisville 37 13 300 100 126 
Manitoba 56.2 27600 =138.5 150 
La Gabelle 60.2 29 600 120 124 

NOTE: 


Nos. 4, 7, 12, 13, 14 are at rated head. 


Disch Dia. 


Dy Inches Diameter 
No 


(6) 


425 


By Equa 
tion 10 


OCTOBER, 1946 


Discharge Diameter. Inches 


By Creager By Kent 
& Justin 
(9) (10) 
181 173.5 
152 
141 135 
137 132 
126.5 122 
196 190.5 
137 133 
186 183 
97 95 
279 269 
194 187 
139 137 
186 179 
123.5 121 
200 
194 187.5 
110 
125 
ene 60 
156.5 150.5 
oon 134 
129 124 
248 238.5 
191 
105 101 
--- 180.5 
185.5 182 
186.5 178.5 
194.5 200 


Items 1 to 16 inclusive from "Preliminary Selection of Hydraulic Turbines,® W.L.Voorduin, T.V.A. 1941, pages 42, 43. 
Others in this group are at “critical head" as defined by Voorduin. 


Items 17 to 29 inclusive from “Hydraulic Structures," A, Schoklitach, A.S.M.E., New York, 1937, Vol 2, pages 946-7, 
See note on Col. 10, Table I, 
Items in Col. 11: From source noted in second note on Table I, p. 43, Fig. 23. 


Items in Col. 9: 


Bonneville Units 1 & 2 
Bonneville Units 3 to 10 


Munkfors 

Safe Harbor 25 
60 

Cize Bolozon 


Mionits 
Semo Antschali 


Notes Items 1 to 12, 15 and 16 to 25, from "Preliminary Selection of Hydraul 
Items ¢ Structures," A. Schocklitsch, 


See note on Col. 9, Table I. 


Items in Col, 10: 


TABLE 3 DIAMETER OF KAPLAN TURBINE RUNNERS 


Spec. 
Speed Speed 
Head HP RPM N 
(2) (3) (4) (59 
26.9 20,000 75 1973 
28 16,000 83.3 165 
29 5,100 150 
30.4 13,000 % 152 
42 38,000 69.2 126 
33 33,000 75 168 
35.5 37,300 75 168 
35.8 16,000 107. 155 
36.1 37,500 75 164 
97.7 42,000 75 165 
39.6 43,000 ,75 156 
42.6 6,000 214 
60 60,000 75 
65 74,4000 75 
50.5 15,000 167.151 
55 42,000 100 
55 42,000 109,1 
6547 17,000 167-6 
70 40,000 220 «(8 
75.5 18,400 24 130 
76.3 10,700 2, 98 
102 62,000 136.3 105 
106 33,000 167 89 
13.8 480 250 226 
13.8 590 2, 24 
17.1 790 214 «172.5 
17.8 960 250 212 
21.3 690 300d 
21.3 13,800 62.5 159 
26.3 3,450 167s 164.5 
27.8 5,520 150 174.5 
33.3 4,030 21, 70 


26 to 34 incl. from " 


Items 13, 14, 16 and 17, by S. Morgan Smith Coy, 


Dia. 


ge 


Diameter 
Number D 
(7) 
466 


439 
433 
419 


458 


472 


& 


SSS RRERR SSE 


5 


w 


veses SRESB FERSR 


By Voorduin 


ic Turbines," *, L. Pigs,31 & 34 


A.S.M.E., New York, 1937, Vol, 


» pages 


No. 
= (7) (e) (11) 
177 454 178 us 
148 48 148 79.5 
118 381 141 131 
133 450 135 
118 426 124.5 109 
187 432 190.5 141.5 
141 463 134 --- 
180 430 179.5 134 
98 443 9% 76 
we 264 433 27, 314.5 
ree 11 195 457 192 254 
more 12 139 439 136 ow 
13 189, 471 184 
12 431 121 oon 
15 195 422 197.5 
a 16 195 456 191 254 
17 118 41 113 
18 130 476 130 
20 154 459 154 
a 126 437 138 
22 131 463 127.5 
23 236 436 243.5: 
Grae 24 177 398 184 --- 
ees 25 103 467 101 on 
26 167 404 1747 
27 179 426 182 
28 189 gn. 183.5 
Disch, Disch, diameter, inches 
Name (inches) by Equation 11 
Laholm 216 217 
McIndoes 124.5 
Lanforsen 193 
Guntersville 288 
Chickamauga 
Swir || 275 
Ryburg 221 
Pickwick 282 
Jonage 100.8 
os Santee Cooper 
Groenvollfoss 
Wettingen 
Ho jum 197 
Shannon 
Lanforsen 
Kanyakeski 67 5 
Siebenbrun 75 
Tolfforsen 55 
Lille zdet 28 
Gratewein 106 
| 
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plants subject to occasional low head, in that a better firm power 
position could be demonstrated. 

In the study of surge-tank stability, the rate of change of ef- 
ficiency with head (power remaining constant) is one of the fac- 
tors used. This rate of change may be found directly from the 
eontour curve by use of an appropriate D, line. 


GuIDE TO OPERATION 


Fig. 4 illustrates a typical contour diagram for a Kaplan tur- 
bine 132 in. in diam operating at 180 rpm.* In addition to ef- 
ficiency curves, the diagram includes curves for gate opening and 
blade angle, and the D, lines have been shown to represent horse- 
power. It is also readily possible on a large-scale diagram to 
show discharges and cavitation limits, but they are not included 
in Fig. 4, to avoid confusion. A diagram of this type is useful as 
a guide to operating in any desired manner, viz , to obtain highest 
efficiency, or to maintain a uniform discharge in the river, under 
varying operating heads, 


Srupy or TurBINE Benaviorn UNDER TRANSIENT CONDITIONS 


In so far as the author knows, previous studies of transient 
conditions in turbines have always been based upon some approxi- 
mation as regards turbine discharge, and sometimes on a number 
of approximations. The contour diagram makes it readily pos- 
sible to study correctly what happens in such cases. To illustrate 
the procedure, the turbine represented in Fig. 1 is taken. 

Steady-load conditions are as follows: 


89.3 


' See ‘‘Hydraulic Stability,”” by A. W. F. McQueen, The Engineer- 
ing Journal, vol. 16, 1933, p. 13. 

¢ This diagram has actually been falsified from a turbine test and 
is thus illustrative only. 


The effect of gate closure in 4 sec is studied in the following 
cases: 

Case 1. Pressure rise neglected. This case is not attainable 
in practice, but might simulate conditions if a large surge tank 
were installed immediately upstream of the turbine. 

Case 2. Turbine supplied by a penstock such that the ef- 
fective characteristics of the water conduit are as follows: 


Velocity of propagation, fps.............. 3000 


The unit is tripped off the line by relay operation. 

Case 3. Similar to Case 2, but the load is reduced by load- 
limit control, the unit remaining on the line. (It may be noted 
in passing that according to previous methods the discharge his- 
tory for this condition would be the same as in Case 2.) 

In each case the effect of generator windage has been ignored 
for the sake of simplicity. It can readily be taken into account 
by adding another column_to Table 4. 

Fig. 5 shows the efficiency contours on a network of ‘unit 
speed” and “unit power” lines, and the gate lines shown are in 
accordance with the gate-time curve shown at the left in Fig. 6. 
The several data given have been selected for simplicity, but illus- 
trate the procedure equally well as though an actual installation 
were considered. The complexity of the conditions that can be 
studied are limited only by the patience of the computer. 

Pressure changes are determined by the graphical method, 
which has been described in many published articles.? Speed 
changes are determined by the formula 


_ 3,238,000 x Hp sec during interval 


N2? Ni? = WR? 


7 One of the most recent being ‘‘Water-Hammer Problems in Con- 
nection With the Design of Hydroelectric Plants,” by E. B. Strow- 
ger, Trans. A.S.M.E., vol. 67, 1945, p. 377. 
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TABLE 4 PART OF COMPUTATION OF CASE 2 


Discharge required 
for 


Trial Trial Unit Unit Ave,excess 2 oe 2 Effic. for H.P. pressure Remarks 
Time Gate Head Speed Speed Power H.P. H.P. No - Ny No Ny 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (12) = (22) (13) (14) (15) 
0.00 6,2" 170 180 13.8 11.28 25,000 32,400 180 89.3 1450 1450 
0.20 6.0 175 186 14.06 11.13 25,780 25,390 2052 34,452 185.5 9.0 1439 U42 Speed wrong 
176 185.6 13.98 11.14 26,000 25,500 2062 34,462 185.6 90.0 1445 1442 0.K. 
0.40 5,8 182 190.8 14.13 10.92 26,820 26,410 2138 36,600 191.3 9.7 1431 1416 Speed wrong 
Q wrong 
179 191.2 14.28 10.9 26,260 26,050 2108 36,570 191.2 90.6 1417 1420 O.K. 
6.60 5.55 182 196.2 14.53 10.62 26,100 26,100 2110 38,680 196.6 91.1 1384 1390 Speed wrong 
183 196.6 14.53 10.62 26,300 26,200 2120 38,690 196.6 91.1 1390 1389 O.K. 
0.80 5.25 186 202.0 14.80 10.26 26,020 26,160 2116 40,806 202.0 91.4 1348 1348 O.Ke 
r — ‘7 
CASE 
| \ N 
| 
| 
CASE 2 
| 
unit 
SPEED 
/ 
0.6 
CASE 3 1.2 
1.4 
LINES REPRESENT GATE OPENINGS 
AT TIMES SHOWN IN SECONDS 
2.4 
— 
3 u 5 6 16 
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Using the interval of 0.2 sec, and inserting the value given for 
WR?, this expression reduces to 


Mean excess hp during interval 


12.36 


The procedure used is a trial-and-error one, illustrated by Table 
4, which shows part of the calculations for Case 2. 

At each step a head and speed are assumed, and the discharges 
called for by the turbine diagram and by the pressure diagram 
are computed. If these discharges are not identical, the head and 
speed are modified in a direction which will be obvious from the 
first trial until substantial or exact agreement is obtained. 


The results of the three cases cited as examples are shown in 
Fig. 7. The computation of pressure and discharge has been 
carried only as far as 1.8, 2.2, and 2.4 sec, respectively, for cases 
1, 2, and 3, as indicated in Fig. 5. The remainder of the horse- 
power curves beyond the computed values can, however, be drawn 
in (shown broken in Fig. 7) with only slight error and the total 
speed rise thus determined. 

Unfortunately, this method cannot generally be used for Kap- 
lan turbines, because the blade movement does not in general 
keep time exactly with the gate movement, so that the efficiency- 
contour diagram (such as Fig. 4) does not hold for transient con- 
ditions. 


Ls 
po 
: 
- 
: 


SUTHERLAND—BETTER METHOD OF REPRESENTING, STUDYING WATER-TURBINE PERFORMANCE 681 
5 
se 
4 22c 
INCHES HEAD 
SECDNOS 200 
1.2 
FEET 
A 
| \ / 1.0 0.8 
| 0.6 
\ A | ine 
4 
| / \/ c.2 
170 
4 1C8C 1180 1226 1260 1366 1340 1380 
TIME SECONDS DISCHARGE ¢ f s 
ASSUMED GATE - TIME RELATION PORTION OF PRESSURE DIAGRAM FOR CASE 2 


Fic. 6 


This method of studying transient conditions is obviously 
more refined than is generally necessary, but has been of inestima- 
ble value in studying one important and unusual installation, 
in which not only were numerous closure operations studied, but 
also governing stability of the unit when supplying independent 
loads. The computed behavior was closely checked by prototype 
tests. 


GOVERNING STABILITY 


Operating stability of a hydroelectric plant generally requires 
the provision of an amount of WR? in the generator considerably 
in excess of that normally built in by the generator manufacturer. 
The leading generator makers have tables which show the “nor- 
mal WR?” for various sizes and speeds, and Fig. 8 has been pre- 
pared by the author to show the resulting regulation constant C. 
This diagram is useful as a preliminary guide to the amount of 
excess WR? required to give a desired value of C. The regula- 
tion of a hydroelectric unit connected to a system has been ably 
treated by numerous writers. In the exceptional case of a unit 
supplying an independent load, the stability may require study. 


Gate RELATION AND TypiIcaL PRESSURE DIAGRAM FOR FRANCIS TURBINE GATE CLOSURE 


The moving water column contained in the penstock and draft 
tube represents a considerable amount of kinetic energy, which 
must be reduced or increased when the turbine gates close or 
open, respectively, as a result of any governor action, however 
slight. In the case of gate closure, part of the kinetic energy in 
the column is in effect transferred to the unit, which is already 
burdened with the excess energy which gave rise to the speed and 
gate change. 

In the case of the gate-opening movement, the unit needs a 
quick supply of energy, which the water column is unable to 
furnish, being burdened with the necessity of increasing its own 
energy. Thus the water column always acts for an appreciable 
time in opposition to the governor, and it is easily seen that in- 
stability may occur if the water-column kinetic energy becomes 
too large in proportion to that of the unit. 

The author has been able to observe only one case of this kind 
in practice, in which a unit was supplying a rheostat load and 
operated stably at small outputs, but became violently unstable 
as the output was increased. The ratio of the kinetic energy of 
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the water column to that of the unit, when instability occurred, 
was about 0.2. This ratio is obviously not the only factor in- 
volved, but is believed to be an important one, and the author 
suspects, from a study of other plants, that not a few units which 
now operate very sweetly on the line would be unstable if supply- 
ing a rheostat load. 

The problem is analogous to but more complicated than the 
stability of surge tanks; and the author wishes at this time to 
bring the phenomenon into the open for discussion. 
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Discussion 


L. F. Harza.8 The author has urged the use of a valuable 
form of diagram in which to present hydraulic-turbine test data 
designed to display the characteristics of the turbine vividly and 
clearly. This form of turbine characteristic curves was used ex- 
tensively in the first and subsequent editions of a text by Daniel 
W. Mead,’ first published in 1908, on which the writer collabo- 
rated, except with a natural instead of logarithmic horizontal 
scale. The logarithmic scale adds little, if anything, to the dia- 
gram except the N, lines become straight instead of curved. 

Many years ago the writer developed standard platting paper 
for this type of curve with a sufficient range of horizontal and 
vertical scales so that any turbine then being built could be 
platted on this paper." The N, lines were curved because of 
natural scale. The position of the set of turbine curves on the 
sheet indicated the type of turbine. Thus a turbine of high 


* President, Harza Engineering Company, Chicago, Ill. Mem. 
A.S.M.E. 

* ‘Water Power Engineering,’”’ by Daniel W. Mead, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1915. 

10 “Further Means Suggested for Interpretation of Water-Turbine 
Test Data,” by L. F. Harza, Engineering News Record, vol. 72, 
October 30, 1915, pp. 542-544. 


unit speed and unit power would be platted, in the author’s form 
of diagram, in the upper right-hand portion of the sheet, and a 
high head and therefore low-speed turbine in the lower left- 
hand portion of the sheet. 

The author has added one new feature, namely, his D, curve, 
whose usefulness the writer is not as yet prepared to evaluate 
without more experience in using it. The author refers to NV, and 
D, characteristics, the former generally known as ‘‘specific speed,”’ 
as not actually dimensional constants. In this the writer differs; 
N, is the speed of a 1-hp turbine under 1 ft head, the turbine 
being of design homologous to the large turbine. Likewise 
D, would appear to be the diameter of a homologous turbine which 
would run at 1 rpm and develop 1 hp. There would appear to 
be less value, however, in the mental conception of the meaning 
of this constant as compared with N,. 

The use of the relation curve, Fig. 2 of the paper, between .V, 
and D, is not clear except as to the preliminary studies in laying 
out a hydroelectric station. It cannot be more than a general! 
indication as to the diameter at the outlet of a turbine of an as- 
sumed N,, sufficiently close for a first layout or assumption. It 
will be noted that the points from which this curve is projected 
are scattered widely. For example, at VN, = 30 the D, may vary 
from about 260 to 300 because of the great difference in dimen- 
sions and turbine characteristics of different manufacturers, or 
the different types of turbines of essentially the same N, of the 
same manufacture. For other than the first preliminary studies 
it is always necessary to use the dimensions of the individual type 
and size of turbine offered by the manufacturer. The D, con- 
stant might be useful for preliminary studies before this more de- 
tailed information is available. 

The author offers his Fig. 4 type of diagram as one suitable as 
a guide for operation, but in the opinion of the writer there is 4 
much better form of diagram available for that purpose.'' After 
the turbine is installed and its characteristics known by extra- 
polation or field test, there is no value in continuing the use of 
“unit speed’ and “unit power” as scales of the operating dia- 
gram. The curve mentioned uses the operating head and actual 
horsepower of the prototype as co-ordinates. Thus at a glance 


11 Thid., Fig. 5, p. 544. 
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the operator can pick off the best horsepower at which to run the 
unit at each head. This should be carried one step further using 
gross head horizontally and kilowatts vertically, because these 
are the figures which the operator reads and which he can use 
without any conversion such as deduction for hydraulic losses to 
obtain net head, or converting horsepower to kilowatts. 

The author presents some applications of his curves to the 
study of transient phenomena and governing stability which are 
well worth careful study and application. 

Manufacturers generally do not put their test data into the 
“‘efficiency-contour” form of curves, or at least if they do, 
the customer never sees them. The information displayed to the 
engineer by this form of platting is so far superior to that of the 
usual form of characteristic curves submitted by a manufacturer, 
that the extra work of platting is well justified on the part of the 
purchaser’s engineer. 


J. D. McLaveuun.'*? The method given for studying the 
behavior of hydraulic turbine - generator units under transient 
conditions makes it possible as the author has outlined, to estimate 
with reasonable accuracy the power, discharge, speed, or head 
versus time relationships for unusual or unconventional hydro- 
electric installations. 

The behavior under transient conditions of the hydroelectric 
unit installed at the Fort Peck Project during the war emergency 
required special analytical consideration in the manner outlined 
due to the fact that it was installed without the surge tank con- 
templated in the original design. Prediction of the behavior 
of the unit under anticipated operating conditions made possible 
the forecasting of operating regulations and the installation of 
special accessory features as means of adapting the unit to pre- 
vent excessive pressure surges in the penstock. The pressure- 
surge limitation was met by restricting the wicket-gate closure 
time to a minimum of approximately 42 sec. Overspeed of the 
unit, resulting from heavy load rejection at the line circuit 
breaker, was controlled within reasonable limits by automatic 
transfer of the generator output to a water rheostat which was 
preset to dissipate approximately 75 per cent of the load rejected. 

The writer, being familiar with the installation, initial tests, 
and test conditions referred to under ‘Governing Stability,” 
desires to elaborate upon the causes of instability of the Fort 
Peck unit when supplying a rheostat load, for the conditions that 
applied during the tests witnessed by the author. Observations 
upon which these comments are based were made during the 
operation of the unit without surge tanks over a period of ap- 
proximately 3 years, during which time several series of tests 
were run to obtain specific data for use in designing a continu- 
ous-rating water rheostat. Throughout this period the be- 
havior of the unit was one important consideration. 

The resistivity of the river water, used in all rheostat tests, is 
relatively low, being approximately 600 ohms per cucm. This 
factor had the effect of making a water rheostat located in 
the powerhouse tailrace extremely sensitive to fluctuations of the 
water surface. 

The temporary, and what proved upon analysis to be unsatis- 
factory location of the water rheostat in the powerhouse tailrace 
during the initial test period undoubtedly intensified and perhaps 
initiated the instability noted in the operation of the unit supply- 
ing an independent load provided by the water rheostat. When 
operating in this manner, the load on the generator is determined 
by the depth of the electrode immersion. Surges and surface 
waves in the tailrace, whether due to the discharge from the ad- 
joining tunnels or from the powerhouse draft tube, changed the 


“ Engineer (Electrical), Hydroelectric Branch, Engineering 
Division, U. 8. Engineer Office, Fort Peck, Mont. 
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depth of electrode immersion, and thus varied the generator load, 
by changing the water elevation of the tailrace. 

An increase in tail-water elevation of 6 in. would produce an 
increase of approximately 22 per cent in a generator load of 20,- 
000 kw, and would decrease, by the above increment, the head 
available to the unit. The former would increase the demand for 
kinetic energy from the water column, while the latter would de- 
crease the energy available in the water column. Conversely, a 
decrease in tail-water elevation of 6 in. would decrease the load on 
the generator by approximately 28 per cent and would increase the 
energy available in the water column. In either case the gov- 
ernor would respond with a gate movement tending to restore 
the speed to normal, and in both cases would tend to “‘overad- 
just’”’ the gate. Since the surging is periodic, it is believed that 
should the period achieve the proper magnitude with respect to 
the speed of the governor, serious operating conditions would re- 
sult from this cause. ; 


C. B. Spettman." This paper arrives at certain new formu- 
las for approximating the discharge diameters of various types of 
reaction-turbine runners. It appears to the writer that the ap- 
plication of these formulas for diameter is somewhat awkward, 
because they involve functions other than the basic engineering 
conditions and on this account the diameter number or the dis- 
charge diameter for a given project cannot be determined until 
one has first determined the specific speed or the speed in rpm. 
Also, it is suggested that a somewhat more definite idea of the 
runner size would be obtained if it were expressed as “throat di- 
ameter’ rather than discharge diameter. The throat diameter 
seems more definitely fixed by considerations of flow and head, 
whereas the discharge diameter of a runner having a given throat 
diameter may vary depending upon the peculiarities of individual 
runner design. The ratio of discharge diameter to throat di- 
ameter might vary from as much as 1.20 down to even less than 
unity for very low-specific-speed runners. 

For purposes of quick approximation of the throat diameter for 
a given set of basic conditions, the formula 


X Horsepower 
Diameter of throat = \~ Head 


has been developed. It will be noted that this formula involves 
only the two fundamental variables of horsepower and head. 

We are indebted to R. B. Willi of the I. P. Morris Depart- 
ment for a very useful formula, involving only these same basic 
variables, for determining approximately the operating speed of 
vertical-shaft Francis or Kaplan turbines. This formula is 


V hp 


where C is equal to 632 for Francis turbines and 950 for Kaplan 
turbines. 

As a check on the accuracy of these formulas, the writer has 
tabulated a comparison of the approximate diameter and speed 
with the actual values, for many of the I. P. Morris installations 
of both the Francis and Kaplan type (Tables 5 and 6 of this dis- 
cussion). The tabulation indicates that the error in the formula 
for throat diameter averages less than 1 per cent and for speed 
less than 4 per cent. It must be admitted that in some few cases 
errors of the order of 20 to 25 per cent are encountered, but this 
occurs only when, for some reason, the specific speed selected for the 
design was at variance with the permissible value indicated by 
the ‘‘experience curve” of N. versus head. When more accurate 


13 Assistant Supervising Engineer, I. P. Morris Department, 
Baldwin Locomotive Works, Philadelphia, Pa. Mem. A.S.M.E. 
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TABLE 5 I. P. MORRIS FRANCIS TURBINES; SIZE AND SPEED 


Plant Head Hp Rpm 

83 20500 128.6 
387 33600 300.0 
Ixtapantongo........ 1028 39000 600.0 
Boulder Dam........ 510 115000 180.0 
360 53000 225.0 
Yuba Narrows....... 235 13500 300.0 
120 27000 144.0 

112 18000 150.0 

157 35000 150.0 

99 14800 163.6 

89 39500 94.7 

Cobble Mountain.... 420 19200 450.0 
Cobble Mountain.... 420 8550 600.0 
82.5 31000 81.8 
Lower Tallassee..... 88 36000 100.0 
rr 270 15700 360.0 
ae 156 4300 450.0 
Upper Tallassee..... 55 25000 80.0 
Lake Chelan........ 377 34000 300.0 
Conowingo.......... 89 54000 81.8 
233 8000 360.0 
70 31100 90.0 
Cherokee Bluff...... 145 45000 120.0 
Cheat Haven........ 81.5 18000 133.3 
Rumford Falls....... 97 10000 200.0 
124 21500 150.0 
Exchequer Dam..... 300 24500 257.0 
Wallenpaupack...... 330 28500 300.0 
Bolt 121.5 10500 225.0 
Lighthouse Hill...... 62 5250 150.0 
220 9850 300.0 
48 4550 150.0 
Amoskeag........... 46 7500 112.5 
62 20000 94.7 


Plant Head Hp Rpm 
Wort 65 50000 105.8 
eee 70 10000 225.0 
Chickamauga...........+. 36 36000 75.0 
Buzzard’s Roost.......... 60 7400 240.0 


data are required, manufacturers’ recommendations, of course, 
should be obtained. 

The principal application which I. P. Morris has found for the 
contour type of diagram has been in the Kaplan field, where it 
greatly facilitates the preparation of expected-performance curves 
for proposed prototype turbines. Without the contour diagram 
the preparation of such curves is very laborious, as the basic test 
data comprise a series of tests for various fixed-blade positions. 
Thus a performance curve has to be derived for each blade posi- 
tion, and the envelope of these individual performance curves 
drawn to indicate the performance obtainable with automatic 
adjustability of the runner blades. The reason for this is that 
each different blade position, in effect, makes a different runner 
is so far as performance is concerned. This, of course, does not 
hold true in the Francis field where the blades are immovable. 
Hence the Francis performance curve is readily obtainable from a 
single set of model test readings. For this reason there has not 
been the same incentive to use contour diagrams for the Francis 
models as there has been for the Kaplan models. 


E. B. Srrowcer.'* In discussing turbine behavior under 
transient conditions, the author makes use of the contour form 
of turbine-efficiency diagram for showing the performance rela- 
tions in terms of power, speed, and gate opening. On these dia- 
grams the speed is shown in terms of unit speed and the power in 
terms of unit power rather than in terms of rpm and power out- 
put of the unit under normal head conditions. The writer pre- 
fers to show the transient performance in terms of the normal 
head performance rather than reduce the data to 1 ft head. In 
this connection he wishes to call attention to the joint paper he 


14 Hydraulic Engineer, Buffalo Niagara Electric Corporation, 
Buffalo, N. Y. Mem. A.S.M.E. 


632H*/6 
—— Rpm, per 68 hp per cent 
Vhp centerror Dth Vv H error 
121.9 —5.2 126.0 129. +2.9 
303.5 +1.0 76.0 76.9 +1.1 
582.0 —3.0 48.6 50.75 +4.3 
201.2 +11.8 130.0 123.8 —4.9 
228.0 +1.1 103.0 100.1 —2.6 
326.0 +8.8 66.0 62.5 —5.2 
140.0 —2.7 128.5 124.0 —3.6 
162.5 +8.2 108.0 104.5 —3.1 
150.0 0.0 125.0 123.0 —1.5 
163.6 0.0 103.5 101.0 —2.5 
97.8 +3.1 173.0 174.0 +0.4 
426.0 —5.3 54.0 55.7 +3.2 
638.0 +6.1 36.0 37.2 +3.4 
98.5 +20.5 173.0 160.0 +7.6 
96.1 —4.9 165.2 166.8 +0.9 
338.0 —6.2 62.5 63.0 +0.8 
426.0 —5.4 40.0 43.3 +8.2 
81.6 +2.0 175.0 176.0 +0.5 
295.0 —1.6 75.5 78.2 +3.6 
78.9 —3.6 194.0 203.0 +4.6 
424.0 +17.6 51.5 48.3 —4.1 
86.5 —3.9 170.5 174.0 +2.0 
124.7 +3.9 147.0 145.3 —1.1 
i37.1 —4.6 121.0 122.8 +1.3 
195.5 —2.2 85.0 83.6 —1.4 
159.7 +6.3 111.0 108.6 —2.1 
292.0 +13.5 73.6 74.5 +1.2 
292.0 —2.6 73.6 76.6 +4.1 
227.5 +1.0 78.6 76.5 —2.6 
192.8 +28.5 83.5 76.0 —9.0 
369.0 +23.0 58.8 55.1 —6.1 
172.8 +15.1 82.0 80.2 —2.2 
130.0 +15.2 110.0 91.1 —17.1 
99.0 +4.4 149.5 148.2 —0.9 
Avge +3.7 Avg —0.56 
TURBINES; SIZE AND SPEED 
3/4 Dth, 
950 Rpm, per 68 bp per cent 
Vhp _ cent error Dth H error 
97.5 —7.6 222.0 229.0 +3.0 
90.1 —4.8 234.0 234.5 +0.2 
93.9 —6.1 220.5 229.5 +4.0 
229.0 +1.8 101.0 98.5 —2.5 
74.1 —1.3 264.0 261.0 —1.2 
241.0 +0.6 92.0 91.5 —0.5 
195.1 +13.9 109.5 101.5 —7.3 
Avg —0.5 Avg —0.61 


wrote with S. L. Kerr in 1926, on this subject,’® where the 
step-by-step or arithmetic integration method was first applied 
to the problem and the solution was first made by a rational 
method rather than by rough approximation. He also wishes to 
call attention to a discussion of Arnold Pfau’s paper which 
was published in 1930.'° The author’s method is the same as 
that shown in these publications except that he has substituted 
the contour diagram for the runner ¢ curves, and the graphical 
method of water-hammer determination for the arithmetic-integra- 
tion method. These substitutions do not change the basic char- 
acter of the method of computation. 

Case 3, cited by the author, assumes that during load rejec- 
tion the unit remains on the line. Consequently, with the unit 
connected to a large system, the speed of the unit will remain sen- 
sibly constant. However, because the head is increased, due to 
water hammer, the unit speed decreases as shown by the curve, 
marked Case 3 in the author’s Fig. 5. The author states that 
according to previous methods the discharge history for this 
condition would be the same as in Case 2. The writer believes 
that the method shown in the references cited would give a dis- 
charge history which would not be the same as the author's 
Case No. 2 but would agree with the author’s results for Case 3. 

It should be pointed out perhaps that the time-horsepower 
curves for Cases 1 and 2, as shown in the author’s Fig. 7, should be 
modified in the dotted portions to show that the power output be- 
comes negative near the end of the governor stroke due to the 
overspeed, forcing the governor to close the gates below the speed- 
no-load point. 


16 ‘Speed Changes of Hydraulic Turbines for Sudden Changes of 
Load,” by E. B. Strowger and S. L. Kerr, Trans. A.S.M.E., 1926. 

1¢“‘Mechanics of Hydraulic Turbine Pressure Regulation,” by 
Arnold Pfau, Trans. A.S.M.E., vol. 52, 1930; discussion, HYD-52-4. 
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AvutTHOR’s CLOSURE 


Mr. Harza questions the value of logarithmic plotting of tur- 
bine test data. The main advantage, in the author’s experience, 
is the ease of transferring from one size of unit to another. In such 
case the curves need not be replotted but only the scales need be 
shifted. Disadvantages are that the portion of the diagram near 
full gate has the smallest divisions and that the diagram cannot 
well be extended down to small gate openings. Mr. Harza’s 
definition of “specific speed” is frequently used but nevertheless 
is believed to be inaccurate, for the insertion of dimensional 
values will show that it is not a speed. One at least of the mak- 
ers recognizes this by using the more correct term ‘character- 
istic speed number.” Similarly the author’s term D, could be 
called the characteristic diameter number. Its value, as Mr. 
Harza indicates, lies in giving a first approximation to the size 
of runner to meet given conditions, just as the N, parameter is 
used in finding a suitable speed, and it is believed that the author’s 
Tables 1, 2, and 3 indicate-that it serves this purpose. The 
author’s formulas were developed in self-defense against the in- 
sistent demand of the structural men for dimensions, in the early 
planning of hydroelectric projects. One of the engineers of a large 
public body has devoted a whole book to this and allied questions 
(Table 1, second footnote). It is true as Mr. Harza points out, 
that there is quite a spread in the experience values of D,, but it 
is believed that this is due largely to the turbine makers’ use of 
developed models for heads or speeds for which they are not 
ideally suited. It is the author’s belief, which unfortunately may 
never be proved or disproved, that if all turbines were specially de- 
signed for optimum operation at their rated head and speed, the 
spread would be very small. 

Mr. McLaughlin’s discussion of the Fort Peck installation is of 
particular interest to the author, who took part in the tests made 
prior to regular operation. It is hoped that Mr. McLaughlin can 
be prevailed upon to publish the results of the later tests which 
he indicates have been made, for this wartime installation was of 
unusual interest from an hydraulic point of view and reflects 
considerable initiative and courage on the part of the U. S. Engi- 
neer Department. The author is unable to agree with Mr. 
McLaughlin’s suggestion that ‘‘the location of the water rheo- 
stat in the tailrace perhaps initiated the instability noted.” He 
will, however, agree that it complicated the phenomenon. In a 
certain report” are shown oscillograms obtained during operation 
both with a tank rheostat (Plate 14, Test D-1) and with the tail- 
race rheostat (Plate 16, Test H-1) and each shows the same 
characteristic instability, the period being of the order of 14 
seconds. Actually the rate of pressure rise in the case of the tank 
rheostat appears to be appreciably sharper than in the case of the 
tailrace rheostat. Instability of this type is comparatively little 
known in the United States, due to interconnection of plants, but 
appears to be more familiar to European engineers, and in fact 
has been ably discussed by Daniel Gaden in a recent text." 

Mr. Spellman’s contribution is distinctly useful and practical 
and his formulas have the advantage of being easily remembered. 
His suggestion that “a more definite idea of the runner size would 
be obtained if it were expressed as throat diameter rather than as 
discharge diameter” is no doubt valid, and for a maker’s engi-~ 
neer the throat diameter is no doubt the more fundamental di- 
mension. The author’s use of his formulas was mainly for the 
limited purpose of determining in the first place the dimensions 
of draft tubes, etc., as a means of fixing approximate powerhouse 


” Field Pressure Measurement, Fort Peck Powerhouse Penstock, 
Technical Memorandum no. 206-1, U. S. Waterways Experiment 
Station, May 15, 1944. 

8“Considérations sur le Probléme de la Stabilité—Contribution 
l’Etude des Régulateurs de Vitesse,” Lausanne, Editions La Con- 
corde, 1945. 
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dimensions. This he did by means of various empirical relation- 
ships referred to discharge diameter and specific speed. The same 
purpose could be served if such data were available in terms of 
throat diameter, which could then be obtained by Mr. Spellman’s 
formulas. The author is interested to note that Mr. Spell- 
man’s company values the facility of the contour type of dia- 
gram, in the case of Kaplan turbines. It is a fact-that the contour 
diagram is not only capable of containing a surprising amount of 
information in one diagram without confusion, but is very reveal- 
ing as to the suitability of a runner for a given head and speed 
and for this reason has been given the apt name, by Mr. Harza, 
of the “goldfish bowl” diagram. 

Mr. Strowger’s eminence in his field makes his contribution es- 
pecially appreciated by the author, who is glad to state that he 
regards the first paper cited by Mr. Strowger!® as the original 
“gospel” on the subject. Mr. Strowger believes that the methods 
shown in the references cited by him would give results which 
would agree with the author’s Case 2 and Case 3. Mr. Strowger’s 
Fig. 5 (loc. cit.) gives the gate-time relationship and one turbine 
efficiency curve, which is presumably taken at the rated head and 
speed, and therefore at a constant unit speed. It is not apparent 
to the author that efficiencies taken at a constant unit speed could 
correctly be applied to the behavior of a turbine whose actual 
unit speed, on account of the pressure and speed changes, is vary- 
ing throughout the phenomenon, although no doubt the error in- 
volved might be negligible for many purposes. The second refer- 
ence cited by Mr. Strowger"* contains a very excellent exposition 
of his procedure of determining the change in head and speed 
during the phenomenon of a change in load. It takes into account 
both the changes in head and speed during the transient as shown 
by his Tables 2, 3, and 4. Two complete sets of computations are 
required, the second applying trial and error principles to the 
first. 

The author’s procedure seems to be more direct in that each 
point in the computation is arrived at by trial and error to 
satisfy simultaneously two sets of conditions, viz., the water- 
hammer conditions and the turbine characteristics. The accuracy 
is limited only by the correctness of the physical data and the 
patience of the computer. The author feels considerable con- 
fidence in this method for it was successfully used to predict pres- 
sures in the Fort Peck installation under various conditions, and 
was found to give quite appreciable differences in pressure with 
the same gate closure, depending on the amount of water rheostat 
load thrown on the generator during the gate-closing operation. 
In general, the pressure rise increased as the rheostat load used 
decreased, although this would not necessarily hold true for other 
operating heads. 

Referring to the author’s Fig. 5, if the operating head were dif- 
ferent, the starting point of Cases 1, 2, and 3 would likewise be 
different from that shown, and the lines marked Case 1, Case 2, 
etc., would cut across the efficiency contours in a different 
manner and other results than those just mentioned might 
occur. The Fort Peck tests referred to by Mr. McLaughlin 
required turbine closures with a water conduit about a mile long 
and no surge tank, and the element of risk involved warranted 
the most painstaking investigation prior to embarking on such 
tests. The author’s method also successfully predicted hydraulic 
instability on rheostat load. This was possible because the slow 
governor time considered rendered the behavior of the unit 
amenable to computation by reason of the governor compensa- 
tion effect being negligible. The author believes that an addi- 
tional advantage of his procedure lies in its giving a graphical 
picture at each instant, and this is particularly apparent in study- 
ing stability, where what might be called the “history line” (like 
the lines marked Case 1, etc., on the author’s Fig. 5) wanders 
around the diagram somewhat in the form of a lemniscate. 


- 
4 
2 
ig 
; 


686 


Mr. Strowger correctly points out that the “tail end’’ of the 
author’s horsepower curve, Fig. 7, should dip down to a negative 
value. The excuse for not doing so is that a good runner of the 
specific speed illustrated would run at speed-no-load with a very 
small gate (in the case of Fort Peck about 0.04), so that this 
negative dip would be negligible, and secondly, that makers gener- 
ally fail to test runners at very small.gate openings so that data 
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would ordinarily be unavailable to compute this negative dip, 
even though it is known to exist. In certain cases, however, it is 
recognized that this negative power may be of considerable im- 
portance, and in any case the existence of the negative portion 
of the horsepower-time curve would make the speed curve peak 
earlier, viz., at the instant the horsepower changes from positive 
to negative. 
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GENERAL VIEW OF THE NANTAHALA POWERHOUSE 


Nantahala Turbine ; 


By J. P. GROWDON,' R. V. TERRY,? ano H. H. GNUSE, JR.? 


The Nantahala plant of the Nantahala Power and Light 
Company is located near Franklin, N. C., and was designed 
by the Aluminum Company of America. The 60,000-hp 
hydraulic turbine operates under 925 ft rated net head at 
450 rpm. The static head on the plant of 1008 ft is 
the highest for any reaction-type turbine installed in the 
United States. The design and construction of this turbine 
and butterfly valve are described, followed by results of the 
field tests. Operation and maintenance work undertaken 
since the unit was installed are frankly discussed. The 
field tests showed an efficiency of 93.7 per cent. Considera- 
ble stainless steel was used in the original installation and 
its use has been greatly extended since the unit was placed 
in operation. 


IN rRODUCTION 


HE Nantahala hydroelectric development is owned and 
operated by the Nantahala Power and Light Company, a 
subsidiary of the Aluminum Company of America. It is 


1 Chief Hydraulic Engineer, Aluminum Company of America, 
Pittsburgh, Pa. Mem. A.S.M.E. 

2 Assistant Chief Engineer, Newport News Shipbuilding & Dry 
Dock Company, Newport News, Va. Fellow A.S.M.E. 

, 3 Chief Electrical Engineer, Nantahala Power & Light Co., Frank- 
in, 

Contributed by the Hydraulic Division, and presented at the 
Spring Meeting, Chattanooga, Tenn., April 1-3, 1946, of Tae Ameri- 
CAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 


situated on the Nantahala River in southwestern North Carolina, 
where the steep slopes permit a high-head development in a rela- 
tively short reach of river. It was completed in July, 1942, and 
has been in successful operation since that date. 

The acquisition and design of this development has been car- 
ried on by the owner and its parent company since 1911. In this 
period of 35 years, many different types of development have been 
proposed and studied. As finally designed and built, the Nan- 
tahala hydroelectric development consists of an earth-faced rock- 
fill dam, 250 ft high, creating a reservoir with 125,000 acre-ft of 
usable storage. The water from the reservoir is taken to the power- 
house through an unlined pressure tunnel, approximately 5.3 
miles long, and a penstock 1391 ft long. A differential surge tank 
is located 1991 ft from the turbine. The powerhouse, shown in 
Fig. 1, contains a single hydroelectric unit, consisting of a 60,000- 
hp reaction turbine, operating under a maximum static head of 
1008 ft, directly connected to a 3-phase 60-cycle generator, with 
the necessary transformers and auxiliary equipment. The power 
output is fed into a transmission system so that it is not required 
to operate the unit when for any reason transmission is inter- 
rupted. 

A great deal of study was g ven to the problem of selecting a 
turbine which would combine the following characteristics: 
Low cost per horsepower; maximum efficiency; satisfactory and 
reliable operation. 

At this head, either an impulse or reaction turbine appeared 
feasible. For the total capacity at least two impulse turbines 
would be required, with an expected efficiency of 88 per cent. 
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Since the power requirements did not necessitate operation at low 
loads, and since the large reservoir provides an opportunity for 
periodic inspection and repairs, without wasting water, the two 
units are no more useful than a single unit and would cost con- 
siderably more. 

A reaction turbine of this capacity, having an efficiency of more 
than 90 per cent, appeared to be feasible. Due to the permissible 
lower turbine setting, it would regain a few feet of head which the 
impulse turbine could not utilize. A single-unit reaction turbine, 
with its direct-connected generator, would cost considerably less 
than the two impulse units previously mentioned. It was realized 
that the head is higher than any other reaction turbine in America, 
and that reaction turbines under somewhat less head had de- 
veloped many operating difficulties. 

The parent company had had some experience with high-head 
reaction turbines and believed that as a result of this experience 
and the increased knowledge of the turbine designers, it would be 
possible to design and build a reaction turbine which would meet 
the requirements of the Nantahala hydroelectric development 
better than any other type and which would be free from serious 
operating difficulties. 

Several turbine manufacturers agreed with this conclusion, and 
after consideration of all turbine builders’ proposals, the contract 
was awarded to the Newport News Shipbuilding & Dry Dock 
Company for the design and manufacture of a 60,000-hp (925-ft 
head), 450-rpm vertical reaction turbine, with all essential auxili- 
aries, operating under a maximum static head of 1008 ft, and an 
8-ft-diam butterfly valve to be located immediately above the 
scroll case. 


NANTAHALA TURBINE 


The turbine selected for the Nantahala plant is of the vertical- 
shaft single-runner Francis type, rated 60,000 hp under a net head 
of 925 ft, operating at a speed of 450 rpm. This gives a specific 
speed of 21.6. It is designed for a maximum net head of 1000 ft, 
the maximum static head on the plant being 1008 ft. This is 
believed to be the highest-head reaction-type turbine installed in 
the United States and to be the highest-powered extremely high- 
head reaction turbine in the world. 

The Francis type was selected in preference to an impulse type 
after giving due consideration to several factors. The efficiency 
of the reaction-type turbine is several per cent higher (about 4.5 
per cent) than that of the impulse type. The speed is considerably 
higher, resulting in a much smaller and less expensive generator. 
The unit is sufficiently large so that reasonable clearances could 
be employed and yet maintain relatively small leakage losses. 
The disadvantages are that load cannot be changed as rapidly as 
with an impulse turbine and that there is some element of danger 
in operating the unit unwatered as a synchronous ¢ondenser. 

Fig. 2 shows a longitudinal section through the powerhouse. 
The turbine setting includes a hydraulically operated butterfly 
valve between the turbine-casing inlet pipe and the penstock, 
and a cast-steel spiral casing in 3 sections with 20 vanes, one 
opposite each wicket gate. The vertical part of the draft tube is 
of the straight conical type, the upper part being of cast steel and 
the lower part of steel plate. The upper part includes a removable 
section just below the runner. This permits removing the runner 
and throat ring from below and gives access for repair or renewal 
of the seal rings and other work on the turbine without disturbing 
the crown plate and other parts supported by the crown plate. 
Downstream of the conical part of the draft tube there is a 
collecting chamber which discharges diagonally upward and then 
around a bend to the tailrace. There is one pier in the diagonal 
portion and bend of the discharge passage. The discharge pas- 
sage is vented upstream of the bend and near the wall of the 
powerhouse. 
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Runner and Seal Rings. Fig. 3 shows a sectional view of the 
turbine. The runner is of the conventional Francis type of cast 
steel in one piece, 85 in. nominal diam, with 21 vanes, arranged 
for a bolted connection to the main shaft. The bolted connection 
is arranged for easy removal of the runner. There are ten tapered 
bolts used primarily to take shear and four loose-fitting 
straight bolts to carry the hydraulic thrust and weight of the 
runner. 

The entrance edges of the vanes are sloped circumferentially 
and a large radial gap of about 6 in. is left between the runner 
vanes and wicket gates so as to result in smooth flow from the 
gates into the runner. This arrangement has proved highly satis- 
factory and cannot be too greatly emphasized. 

The runner carries two straight steel seal rings shrunk on, one 
on the crown and one on the band. The two rings are of equal 
diameter to provide good hydraulic balance and at the same time 
are interchangeable. The rings are placed at as small a diameter 
as possible so that a small running clearance could be used and 
the leakage area reduced. A radial clearance of 0.015 in. is em- 
ployed. The clearances at the periphery of the runner are pur- 
posely left large to preserve hydraulic balance. The seal rings 
are supplied with 80 gpm of clear water through a check valve, 
piping, and radial holes between the inserts in the stationary seal 
rings. 

Provision is made for checking the seal clearances periodically 
from above and below the runner, with the turbine shut down. 
Leakage through the top seal is carried out through the crown 
plate and a pipe to a point above tail water where the amount of 
leakage may be observed at any time during operation. 

The runner was dynamically balanced and the shaft-connection 
holes drilled and reamed before shipment to the generator manu- 
facturer. A cast-steel fairwater is bolted to the bottom of the 
runner. Fig. 4 shows a shop view of the runner and spare runner. 
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Suop View or RUNNER AND SPARE RUNNER 


Shaft. The usually separate: turbine and generator shafts 
were combined and furnished in one piece by the generator manu- 
facturer. This is practicable since the runner is removed from 
below. The shaft has a nominal diameter of 24in. The flange for 
connection to the runner was drilled and reamed by the generator 
manufacturer using templates and drilling jigs furnished by the 
turbine manufacturer who had previously used them in drilling 
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and reaming the runners. A rather elaborate set of jigs was re- 
quired owing to the necessity for having the runner, spare runner, 
and any future replacements interchangeable. The generator 
builder fitted each runner to the shaft and checked alignments 
before shipping to the field. The shaft is provided with a stain- 
less-steel sleeve in halves, opposite the turbine stuffing box. A 
turbine manufacturer’s representative supervised the installation 
of the sleeve and witnessed the shaft and runner alignment. 

As usual on large forgings of this kind, a hole was provided in 
the shaft. This hole was used for certain generator leads and to 
admit a small amount of venting air to the draft tube through a 
pipe in the runner cone or fairwater. The hole was also used at 
first for passing a cable for handling the runner but this was later 
dispensed with in favor of a jacking arrangement. 

Main Bearing and Lubrication. The unit has three bearings, 
u turbine bearing, a generator-guide bearing below the rotor, and a 
spherical Kingsbury guide-and-thrust bearing above the rotor. 
The turbine bearing is of the babbitted oil-lubricated type, 25 in. 
diam, rather short, being only 16 in. long. The shell is in halves, 
machine-grooved, tinned, babbitted, bored, and scraped to a 
clearance of 0.010 in. on diam. 

The oil sump is of 74-gai capacity placed in a sector of the crown 
plate. Oil is supplied to the bearing through a cooler by an a-c 
motor-driven pump with a d-c motor-driven pump as a stand-by 
arranged to cut in upon loss of pressure. The pumps, cooler, and 
gage board are located in an alcove in the turbine pit. The oil 
supply enters the bearing in an annular groove about one third 
down from the top, flowing both ways to lubricate the bearing. 
A reservoir of oil is left at the top of the bearing to act as a supply 
when changing from a-c to d-c pump or other temporary lack 
of supply. Excess oil overflows through a pipe to the sump. 

Crown and Curb Plates. The crown and curb plates are of cast 
steel in one piece and of usual construction except that the curb 
plate is removable from below, after removal of the draft-tube 
section. This gives access for removal of the wicket gates from 
below and for maintenance of certain wearing plates and rings 
under the crown plate. 

Wicket Gates and Operating Mechanism. The 20 wicket gates 
are of forged steel with integral stems. The wearing surfaces at 
each end of the body of the gates were overlaid by welding with 
one layer of stainless steel, using a 25 chromium - 20 nickel rod. 
A total clearance of 0.020 in. was provided. 

Each gate has three bearings, one below and two above the 
body. The lower bearings are greased from below as ample space 
is available from the passageway around the removable section of 
the draft tube. Cup leather packing instead of the usual type 
of square packing is used in the upper gate-stem packing boxes to 
seal against the high pressures involved. A thrust collar on each 
gate stem carries the upward thrust against the crown plate. 

Each gate lever is made in two sections connected by the usual 
safety shear pin. 

The operating ring and two servomotors, etc., are of usual 
construction designed for operation with oil at 250 to 300 psi, 
the displacement of the servomotors being 18.3 gal. In order to 
suit the design of penstock and surge tank, positive stops were 
installed on the servomotors to limit the’stroke to about 90 per 
cent, corresponding vo a discharge of 635 cfs and about 60,000 
hp at 935 ft head. 

Governor. The governor is of the Woodward cabinet actuator 
type with 3-in. pipe connections and rated about 85,000 ft-lb at 
250 psi; the governor being designed for a maximum pressure of 
300 psi. The minimum time for full gate stroke was specified as 
4sec. However, due to the pipe-line conditions, the closing stroke 
is limited to 12 see by !"/;.-in. orifices in the port piping to the 
servomotors, and the opening stroke to 22 sec by a special small 
relay valve with limited stroke. 
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Fic.5 Intrertor View or Powernovuse, INCLUDING THE GOVERNOR 


The flyballs are driven by a permanent-magnet generator 
mounted on the generator. Oil pressure is supplied by two 50- 
gpm motor-driven pumps with echelon control. 

The WR square of the generator is about 4 000,000 ft? Ib, 
giving a regulating constant, WR?N? divided by horsepower, of 
13,500,000. 

Fig. 5 shows an interior view of the powerhouse, including the 
governor. 

Butterfly Valve. Fig. 6 shows a sectional arrangement of the 
butterfly valve and operating gear. The valve has a nominal 
diameter of 8 ft at inlet, reducing to 6 ft 6 in. diam at discharge. 
Its center line was placed about 20 ft upstream from the center 
line of the turbine so that there would be no question about the 
valve disk creating a disturbed flow that would affect the effi- 
ciency of the turbine. Body and disk are each in one piece made of 
cast steel. The shaft is of forged steel keyed to the disk. An 8- 
in. by-pass is provided for filling the turbine casing before open- 
ing the valve, although the valve is designed for opening or 
closing under full static head of 1008 ft. A 3-in. Crispin air-and- 
vacuum valve permits the air in the casing to escape and auto- 
matically closes when the casing is filled with water: It also 
admits air when the casing is being drained. 

Special care was devoted to the design of the seal rings to re- 
duce the leakage to a minimum and to prevent erosion when the 
valve was left closed for long periods with the penstock under 
pressure. Body and disk seal rings are both made of stainless steel 
of different grades to prevent the possibility of galling. The body 
seal ring was bored after installation in the body. The disk ring is 
in halves, secured in its groove, but free to float like a piston ring 
so that it will adjust itself properly when the valve is closed. 
This arrangement has proved very satisfactory and there has been 
little increase in leakage during the 4 years since installation. 
The choice of stainless steel for the seal rings has proved to be wise. 
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The valve is arranged to be opened or closed in about 2 min 
from a control stand on the powerhouse floor, by means of pen- 
stock pressure in a bronze-lined cylinder 29 in. diam by about 5- 
ft stroke. The opening and closing time are limited by the size 
of the control piping. 

Weights. The total weight of the turbine, not including shaft 
and spares but including governor equipment, was about 300,000 
Ib. The weight of the complete butterfly valve was about 
150,000 Ib. 


ERECTION AND TESTS 


The turbine spiral casing, inlet section, and butterfly valve 
were erected and tested in the shop under a hydrostatic pressure 
of 700 psi, for 2 hr. Fig. 7 shows these parts assembled with a 
cast-steel test head bolted to the upstream end of the valve hous- 
ing. The crown plate and curb plate were in place, and a test 
ring was fitted between the crown and curb plates opposite where 
the periphery of the runner would be in the field. The wicket-gate 
stem holes were temporarily plugged for this test and the butter- 
fly-valve disk was in the open position. 

The space between the upstream face of the valve disk and 
the test head was given a separate test at 700 psi, after closing the 
disk with a torque of about 80,000 ft-lb. The valve leakage was 
measured at a pressure of 435 psi, corresponding to full head in 
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the field, and found to be 0.135 cfs. The leakage in the field was 
much less for then the closing moment was about 10 times 
as much or 800,000 ft-lb. 

A tightness test of 500 psi was placed on the casing and butter- 
fly-valve body in the field before pouring concrete. 


TuRBINE MopDEL AND Tests 


A homologous model was built with a 22-in-diam runner 
and tested in the manufacturer’s hydraulic laboratory before 
construction of the turbine was started. The homologous parts 
consisted of all parts which affected the water passages from the 
inlet to the butterfly valve to the discharge end of the conical 
draft tube. The model tests were made under a reduced head of 
about 30 ft. The best efficiency obtained was 89.5 per cent. 
These tests were made both with and without the butterfly disk 
in place. No differences in results could be detected. 

A complete field test was made in accordance with the A.S.M.E. 
Test Code for Hydraulic Prime Movers, the water being measured 
by the Gibson method. Fig. 8 shows the results of the field test, 
the maximum efficiency being 93.7 per cent. 

Sixty-two thousand hp was obtained at 87.5 per cent gate open- 
ing which is the maximum gate opening at which the turbine is 
operated. Above 85.5 per cent gate opening or 60,000 hp, 4 
cavitation noise starts in the draft tube. 
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Fic.7 AssemBiy View or TuRBINE-Sprrat CasineG, INLET SECTION, AND VALVE AS ERECTED IN THE SHOP FOR TESTING 
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Other results of field tests are as follows: 


Gate opening required to bring unit up to speed, per cent..... *°6.0 
Pressure rise for full load off—148 ft or (per cent)............. 16.0 
Speed rise for full load off, per 33.0 
Power required to motor, runner submerged, kw.............. 1750 
Power required to motor, runner unwatered, kw............... 560 
Wicket-gate leakage under full head, cfs.................2-05- 8.2 
Oil pressure required to move gates, unwatered, psi..............12 
Oil pressure required to open gates, full head, psi:.............. 175 


Gate leakage is sufficient to keep the unit running at 135 rpm 
before closing the butterfly valve but not sufficient to start unit 
from rest. 

Following is a comparison of guaranteed, model, and field test 
efficiencies at 925 ft net head: 


Per cent Effici per cent——. 
load Guaranteed Model test Field test 
100 87.0 89.0 93.7 
Best 89.5 89.5 93.7 

75 88.5 86.6 93.0 
84.0 79.0 88.0 


Water Velocities. The following tabulation shows the approxi- 
mate water velocities from the entrance to the butterfly valve 
to the discharge end of the draft tube, based upon the field test 
discharge of 610 cfs at rated load and head: 


Location Velocity, fps 
23.5 
Entrance to runner, 165.0 
Discharge from runner, absolute..................-+005- 37.0 
Discharge from runner, relative............cecceecccecs 115.0 
OPERATION 
The turbine was placed in operation July 2, 1942. The field 


tests were made in August, 1942. 

The operation of the Nantahala turbine is not unusual except 
for several operating limitations that are imposed due to certain 
design features that resulted from the high head. Some of the 
original limitations have been mitigated by slight changes in 
design and by the use of more suitable materials when repairs 
have been made. The remaining limitations as will be indicated 
do not impose any serious restrictions on the operation of this 
unit, in view of the fact that the Nantahala turbine is always 
operated as part of a large co-ordinated system in which it can 
normally serve as a base load plant. 

The physical location of the powerhouse made a relatively long 
pipe line necessary between the surge tank and the unit. In order 
to protect this pipe line against excessive surge pressures it was 
felt desirable to provide relatively slow governor time. This slow 
governor timing makes it impossible to use the Nantahala unit 
for any tie-line load regulation which requires quick changes of 
load. The slow closing speed also results in an overspeed upon 
sudden loss of full load of approximately 33 per cent. Since the 
small load which would normally remain connected to this unit 
upon the loss of tie line can usually be taken care of by genera- 
tion at smaller plants, it was considered very desirable to separate 
the Nantahala unit completely from the remainder of the system 
upon the sudden loss of load. To accomplish this an overspeed 
‘{nertia” relay was interlocked through a watt relay and con- 
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nected to trip the generator breaker immediately upon the oc- 
currence of a fast rise in frequency, which would indicate loss of a 
major portion of the load. This relay installation effectively re- 
moves the unit from the system within '/, sec and prevents exces- 
sive overspeeds on the small local system. 

The runner of the Nantahala unit is partially submerged by 
the normal tail water, even when the unit is not in operation. 
This center line elevation was purposely selected in an effort to 
minimize cavitation of the runner during normal operation. This 
results in a positive pressure under the runner for loads up to 
approximately 57,500 hp at rated head, at which point the velo- 
city head of the water and other disturbances create a negative 
pressure at the periphery of the draft-tube throat. It was found 
that when this negative pressure exceeds approximately 14 psi, 
cavitation noises start in‘the draft tube. Since the load at which 
this disturbance occurs varies with the gross head, a table has been 
prepared showing “maximum gate limit setting versus head,’”’ 
so that the wicket gates will not be opened beyond this critical 
setting. It has been found that the output varies from approxi- 
mately 55,500 hp at the minimum head to 65,000 hp at the 
maximum head before these cavitation noises occur. 

The setting of the runner below normal tail water makes it 
impossible to use the unit as a synchronous condenser without 
providing special features, such as compressed air to lower the 
tail water and to provide additional equipment to assure water 
lubrication to the seal rings during extended periods of operation 
as a synchronous condenser. After considerable discussion and 
investigation, this equipment was not considered justified due to 
the fact that the reactive kva can always be supplied from other 
units which are located closer to the load center. 

A further limitation which was originally imposed on the opera- 
tion of the machine was a precaution against operating for ex- 
tended periods below one half rated load due to the excessive wear 
which would result from operation at light loads. This considera- 
tion is no longer as critical as it was originally due to the use of 
stainless steel in the repair of various of the wearing parts. 


MAINTENANCE 


It was generally agreed, even before the turbine was installed, 
that considerable maintenance, particularly of the runner, would 
be required owing to the high head and high water velocities which 
exist in this unit. However, some additional problems were ex- 
perienced which required some redesign as well as some repair. 

As originally designed, an oil sump of 74-gal capacity was placed 
in a sector of the crown plate with the thought that sufficient 
cooling would be provided by contact of the underside of the 
oil sump with the water discharged through the turbine. This oil 
sump provided lubrication through one set of oil pumps to both 
the generator and turbine guide bearings. It was soon found that 
there was not sufficient heat transfer through the oil sump to 
cool the oil adequately, so a heat exchanger was inserted in the oil 
line between the oil pumps and the bearings. 

The first difficulty with this system was experienced due to 
water spray from the shaft packing gland entering the oil system 
through the oil-collector pan underneath the turbine guide bear- 
ing. This water caused considerable rusting and pitting of the 
turbine-generator shaft just above the guide bearings, and also a 
rough rusty appearance on the actual bearing surfaces of the 
shaft. This condition was corrected by using a rust-inhibiting oil 
which was very effective in eliminating the rusting, pitting, and 
sludging which had taken place in the original oil. Admission of 
water into the system from the packing gland was later effectively 
eliminated by adding a water deflector to the shaft just above the 
packing gland, but moisture continued to be present due to 
condensation on the cool surfaces of the sump walls. 

Although the location of the oil sump in the crown plate con- 
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- Serves space in the structural design of the powerhouse, it results 


in a very unsatisfactory location from a maintenance standpoint. 
It is practically impossible to clean out completely the sump and 
to remove all traces of moisture and sediment. In order to re- 
move moisture of condensation effectively, a continuous small 
blotting-paper filter has been installed in series with the oil line. 

It was also found that the one oil-pumping system would not 
satisfactorily lubricate both the turbine and the generator bear- 
ings. This was due to the fact that the generator bearing is 
located approximately 7'/; ft above the turbine bearing, and also 
to the fact that the generator bearing was supplied through a small 
orifice, whereas the turbine bearing was supplied through a 
*/,in. pipe. Any small or slight obstruction in the generator pip- 
ing orifice would merely force the oil into the turbine bearing 
without resulting in an appreciable rise in pressure to remove the 
obstruction. This combination system was separated to provide 
an independent forced oil lubrication system with separate oil 
sump and heat exchanger for the generator guide bearing. 

Provision was made in the original design of the turbine for 
the runner to be removed by means of a cable through a hole in the 
generator shaft. ‘The cable and runner could then be handled by 
means of the main powerhouse crane. However, the upper por- 
tion of the hole through the shaft was also used for the generator- 
field leads which extend from the field poles to the collector rings. 
Early experience indicated that considerable time and effort 
would be required to remove and reinstall the generator leads 
every time the runner was removed. It would also be difficult 
to keep the runner centered when it was being lifted by the 
cable due to the close seal-ring clearances. It was therefore 
decided to remove the runner by means of jack bolts and a special 
frame so that all of the work could be carried on from below the 
scroll case where the entire operation could be observed and 
closely checked by the maintenance force. It has been found that 
by use of this device, a runner can be removed and completely 
reinstalled by a six-man crew in five 8-hr work shifts. 

Another small detail which developed was the fact that under 
certain conditions when filling the draft tube and scroll case, a 
water hammer was created which forced water up through the 
hole in the shaft and out into the generator rotor, and also into 
the main thrust-bearing oil sump. Since it was felt that the hole 
served a useful purpose of admitting air to the draft tube, this 
problem was corrected by installing a check valve at the lower end 
of the shaft in such a manner that air would be admitted through 
the shaft to the draft tube but water would be checked aad pre- 
vented from rising up the shaft. 

After the completion of the original installation it was noticed 
that the wicket gates would not completely pinch when closed 
against full water pressure. Upon release of the water pressure 
from the scroll case, the gates would move to the completely closed 
position. It was found that due to an unbalanced pressure under 
the gate stem, amounting to an upward thrust of several tons per 
gate, the upper flange of the crown plate against which the thrust 
collars pressed deflected sufficiently to allow the top of the gates 
to rub the upper wearing plate. This condition was corrected by 
readjusting the thrust collars on the stems and by installing lugs 
and additional bolts to minimize the deflection of this flange. 
Whereas it was originally necessary to close the butterfly valve in 
order to bring the unit completely to a stop, the unit can now be 
brought to a stop by merely closing the wicket gates. 

The major portion of the maintenance and repair of the unit 
results from pitting and erosion that are caused by the high water 
velocities and pressures. Realizing that considerable maintenance 
would be necessary, frequent inspections were made of the unit 
after it was placed in service. After about 6 months of operation, 
the wicket gates and the back side of the nonoverlapping parts 
of the runner vanes began to show signs of erosion or pitting. 
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After a year’s operation, the wearing plates opposite the top and 
bottom surfaces of the gates had started to erode, the seal-ring 
clearances had increased from 0.015 to 0.020 in., and considerable 
wiredrawing could be observed on the closure contact surfaces 
of the gates, despite the fact that the butterfly valve was always 
closed and pressure removed from the scroll case within a few 
minutes after the wicket gates were closed. 

After two seasons of operation the Nantahala unit was dis- 
mantled with the intention of making minor adjustments and 
repairs, such as the welding in the field of small areas of the 
wicket gates, wearing plates and runner that showed wear from 
an inspection of the completely assembled machine. However, 
upon removal of the runner the complete extent of the wear could 
be observed, and it was evident that a major overhaul would be 
required. It was decided that the following parts should be re- 
newed or repaired: runner and seal rings, throat ring below 
runner, wicket gates, curb and crown-plate wearing plates and 
rings. 

The stainless steel originally applied to the ends of the wicket 
gates and the stainless seals used for the butterfly-valve seals 
showed no sign whatever of erosion or other damage. Fig. 9 
shows a typical wicket gate before being repaired. The curb and 
crown-plate wearing rings and the seal rings on the runner had 
originally been made of S.A.E. 1045, a carbon-manganese steel, 
heat-treated to a Brinell hardness of 200 to 235. It was thought 
that this material would be suitable for resisting the erosion from 
the high velocities, but this was not the case. The stationary seal 
rings were made of cast steel, each with two bronze inserts held 
in place with calking strips. The bronze inserts eroded faster 
than the carbon-steel rings on the runner. 

The parts to be restored were shipped back to the turbine 
manufacturer and were treated as follows: 

The nonoverlapping back sides of the runner vanes and the 
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inside of the runner band from the vanes to the bottom edge were 
recessed about !/s in., overlaid with 25-20 stainless welding and 
refinished. The runner wearing rings were replaced with steel 
rings overlaid with 25-20 stainless-steel welding. It would have 
been less expensive to use stainless bar material for this purpose 
but necessary early delivery could not be obtained during the war. 

The bore of the cast-steel throat ring for a distance of 6 in. 
from the top was similarly treated with a stainless overlay. 

The bronze inserts in the stationary seal] rings were replaced 
with inserts made of a 13 chrome-stainless steel. This gave two 
different grades of stainless steel working opposite each other so 
that even if they should accidentally touch in operation, galling 
would not result. 

The entire downstream side and one third of the upstream side 
of the body of each forged-steel wicket gate were overlaid with 
25-20 stainless welding and refinished. The intermediate and 
lower wicket-gate stem bearings which had pitted somewhat 
from corrosion were restored with a stainless metal-spray finish, 
and a collar was shrunk on the lower gate stem adjacent to the 
gate to help retain grease on the lower bearing surface. 

The curb and crown-plate wearing plates and rings opposite 
the runner periphery were renewed with mild steel overlaid with 
25-20 stainless welding. At the same time total clearance at 
the end of the wicket gates was reduced from 0.020 to 0.015 in. 

In order to make the foregoing repairs the unit was taken out 
of service on March 6, 1944, and by working continuously it was 
put back into operation on May 2, 1944. No water was lost 
from the reservoir during the 56 days the unit was down. 

As a result of the changes the power output was increased 
about 5 per cent, 3000 hp, because the runner-discharge openings 
were increased. The leakage through the runner seals was even 
less than when the unit was first installed. With the smaller 
wicket-gate clearance and complete closure of the gates, the unit 
would stop of its own accord with the gates closed and the butter- 
fly valve left open, whereas previously it would not. 

After two additional seasons of operation the runner was 
again removed for a detailed inspection of the unit. All of the 
stainless stee] which had been properly applied was still in perfect 
condition. Even the tool and the file marks still showed, indicat- 
ing that very little if any metal had been removed due to erosion 
or pitting. The closure contact surfaces of the wicket gates 
were also in perfect condition. A number of spots were found on 
which the stainless-steel weld had been almost completely re- 
moved when the piece was remachined and those spots were 
pitting or eroding appreciably. These small areas were chipped 
out and filled in with 18-8 stainless-steel rod; and subsequent 
inspection indicates that this work was very effective. 

Evidence of the effectiveness of stainless steel was clearly 
demonstrated by surfaces of the stationary wearing ring which is 
installed in the crown plate opposite the periphery of the runner. 
Through an oversight in the repair work, an inside vertical sur- 
face of this ring was coated with '/,-in. stainless-steel overlay but 
the lower horizontal surface which adjoins the wearing plate was 
not coated except for the '/s in. vertical overlay that extended to 
this lower horizontal surface. After two seasons of operation 
the mild steel between the wearing plate and the !/s-in. stainless- 
steel overlay was eroded or pitted to a depth of '/1. to */32in. This 
area was repaired in place by chipping out and filling in with 
stainless-steel welding rod. 

After the runner was removed for this inspection it was de- 
cided to install the spare runner and to perform additional stain- 
less-steel welding on the original runner to cover areas which 
were not repaired when the unit was returned to the factory. 
These areas consist primarily of the top and bottom edges of the 
periphery of the runner and a portion of the working face of 
the vanes where the water impinges upon starting. Considerable 
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erosion occurs on these faces because the runner acts as an im- 
pulse rather than a reaction wheel at small gate openings. 

It was gratifying to note that even the seal rings did not show 
any wear. The manufacturer showed good judgment in applying 
different grades of stainless steel to the stationary and movable 
seal rings, since it was found that they had actually touched in a 
few spots without appreciable damage. It was found that the 
contact between the two surfaces was due to warpage of the in- 
serts, which probably resulted from internal stresses which had 
not been relieved. This was corrected by grinding the stationary 
seal-ring inserts to a true circle by means of a field-constructed jig, 
and by buffing the movable rings. All of the surfaces were trued 
up and refinished without changing the original clearances appre- 
ciably. 

The use of stainless steel has greatly reduced the amount of 
maintenance work which would have been required to keep the 
unit in a safe and efficient operating condition. By maintaining 
smooth surfaces it undoubtedly greatly increases the average 
long-term efficiency of the unit and removes some of the previous 
limitations that had been imposed to reduce wear on the unit. 


CONCLUSION 


During the more than 3 years’ operation of this unit, all the 
difficulties encountered have been corrected. It is believed that 
the moderate initial cost (as compared with other types), the 
very high efficiency, and the absence of serious operating difficul- 
ties have amply justified the selection of the Francis type for the 
conditions under which this turbine operates, and that it will 
have a long life, with only moderate renewals and repairs. 


Discussion 


G. D. Jounson.* The use of Francis instead of impulse tur- 
bines under head of 1000 ft and over has again been vindicated 
by the Nantahala turbine. 

Because of the high efficiencies attainable and the economies 
in first cost due to high-speed equipment with small space require- 
ments for the amount of power developed, there is a natural 
incliaation to use Francis turbines for higher and higher heads. 
However, because of operating difficulties experienced with 
previous high-head installations, there are today only a few 
Francis turbines in the entire world operating under heads ap- 
proximating 1000 ft. Apparently use of stainless steel and im- 
proved welding techniques will now assure satisfactory, reliable 
operation of units of this type without excessive maintenance. 

The writer was privileged to witness a vivid illustration of this 
modern trend, when in November, 1945, he visited the Lages 
Plant of the Rio de Janeiro Tramway, Light, and Power Company 
(The Light) in Brazil. At present this plant contains eight four- 
jet vertical-shaft impulse turbines and two vertical-shaft Francis 
turbines, all of European manufacture, operating under a rated 
head of 310 m (1018 ft). The small space occupied by the 50,000- 
hp 600-rpm Francis units, as compared with the size of the 
9000-hp and 19,000-hp 300-rpm impulse units, was striking. 
Moreover, the maintenance on the Francis wheels, installed in 
1940, and 1942, respectively, and equipped with special alloy- 
(stainless-) steel runners, has consisted mainly of stainless-steel 
welding on the gates and is no more than is required on the 
runners, needles, and nozzles of the impulse wheels. No erosion 
or cavitation of the runners was apparent after 3 to 5 years of 
service. This is due, of course, to the use of special material in 
the castings, but it is apparent that, as in the case of the Nan- 
tahala turbine, the liberal use of stainless steel results in units 
requiring a minimum of maintenance. 


4 Hydraulic Engineer, 8. Morgan Smith Co., York, Pa. Mem. 
A.S.M.E. 
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The writer congratulates the authors on the courage and skill 
demonstrated in the conception and design of the Nantahala tur- 
bine and on the success which they have achieved in its operation, 
as well as on the manner in which they have presented the com- 
plete story in their excellent paper. Their generous discussion of 
design considerations and operating experiences will undoubtedly 
promote further worth-while developments in the application of 
hydraulic turbines to high-head power generation. 


S. J. Neeps.6 The paper was particularly interesting to the 
writer, who happened to be at Nantahala on several occasions 
while the machine was being installed. It is also timely in that it 
discusses a most unusual machine after it has been proved success- 
ful in service. Comparison with larger machines makes it diffi- 
cult to realize that such a small turbine can develop so much power. 
Its high output is due, of course, to the exceedingly high head and 
this is one of the features which make the installation so out- 
standing. 

The authors mention the spherical thrust bearing selected for 
this machine, and since the bearing is also quite unusual and 
interesting, a few words about it are in order. Instead of the 
flat thrust and cylindrical upper guide bearing, common in verti- 
cal machines of this type, a spherical thrust bearing is used. 
This bearing is capable of supporting radial as well as vertical 
loads, hence it eliminates the upper generator guide bearing. 

The spherical thrust bearing for the Nantahala unit is shown in 
Fig. 10 of this discussion. It is located at the top of the machine 
and it runs in an oil bath with a cooler like most Kingsbury bear- 
ings in hydroelectric service. It is 51 in. diam and to date is the 
largest spherical bearing that has been built. The rubbing sur- 
face of the runner A is a zone of a sphere, the center of which is 
on the shaft axis. Six segmental spherical shoes B are fitted 
to the runner and pivoted in the usual Kingsbury manner. The 
bearing angle of the shoes is 39 deg with respect to the shaft 
center line. Total vertical thrust load is 575,000 lb or about 
96,000 Ib per shoe. Due to the bearing angle the normal load per 
shoe is about 123,000 lb-and its horizontal component is approxi- 
mately 78,000 lb. The shaft is held concentrically by the hori- 
zontal components of the thrust load acting radially at each shoe. 
The babbitt surface area of each shoe is 261 sq in. and loading 
per unit area is 472 psi. 

At the normal operating speed of 450 rpm the average mini- 
mum film thickness along the trailing edges of the shoes is 0.0026 
in. under the loading cited. When a horizontal load comes on the 
bearing the shaft can move sidewise due to the slight decrease in 
oil-film thickness at the more heavily loaded shoes. A side load 
of 10 per cent of the vertical thrust will decrease the minimum 
film thickness 0.0004 in., or“15 per cent. Twenty per cent side 
load will decrease the minimum film thickness 0.0006 in. or 24 
per cent, and 40 per cent side load will cause the normal minimum 
film thickness to decrease somewhat less than 0.001 in. or about 
36 per cent. Sidewise movement of the shaft is approximately 
the same as the change in minimum film thickness, from which 
it follows that the shaft is held very close to a central running 
position, even under appreciable side loads. 

Total frictional power loss at full load and speed due to oil- 
film shear is 175 hp. This is about the same as the combined 
frictions of the corresponding flat thrust and cylindrical guide 
bearings. The frictional heat is removed by a cooling coil con- 
sisting of approximately 1000 ft of 1'/s-in-diam copper tubing. 
Oil is circulated around the cooler by means of a centrifugal 
pump consisting merely of two opposite holes drilled in 
the runner at an angle. At 450 rpm the peripheral speed of the 


’ Service Manager, Kingsbury Machine Works, Philadelphia, Pa. 
Mem. A.S.M.E. 
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runner is 101 fps or about 69 mph. Static pressure at the dis- 
charge ends of the pumping holes is 43 psi and about 35 gpm is 
circulated around the cooler tubes. This flow is increased by the 
centrifugal action of the runner surface on the oil in the spaces 
between the shoes. 

Clearance between the air-seal ring C and the removable 
thrust block D is so adjusted that oil is maintained in this space, 
thus sealing the bath against entrance of air. The inner air-sea] 
ring at the runner bore prevents air from entering the oil at that 
point. Due to these seal rings the top of the bath is clear and 
practically motionless. 

In the unlikely event that the shaft should ever rise, a cylin- 
drical bronze guide bearing E is provided. Radial clearance 
between the outside diameter of the thrust runner and the guide 
bearing is 1/,, in., hence this emergency bearing is practically 
frictionless in normal operation. 

Beneath the solid base ring F the bearing is provided with 
double insulation against shaft currents. A lead from the inter- 


base G makes it possible to test the insulation at any time. 
The principal advantages claimed for the spherical thrust bear- 
ing are as follows: 


1 The shaft is held in a concentric running position as if in a 
guide bearing of zero clearance. 

2 Any inaccuracies of the thrust block and ring key are com- 
pensated for by the permissible rolling action of the spherical 
runner. Movement so induced at right angles to the direction of 
motion would be of small amplitude and practically unresisted by 
the fluid oil film. Hence galling between thrust block and shaft 
and shaft throwout at the turbine bearing due to thrust-block 
inaccuracies are eliminated. 

3 The spherical bearing simplifies design of the thrust bracket 
by eliminating the cylindrical upper generator guide bearing and 
the specialoil pump and piping usually required for its lubrication. 

4 The spherical bearing is so constructed that at zero speed 
the babbitt faces of the shoes are segments of a true spherical 
zone and will bear equally against the runner. Thus equal shoe 
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loading is inherent, no field adjustments of loading are necessary. 

5 The vertical center lines of bearing and shaft will intersect 
at the center of the runner sphere, but it is not essential that 
these center lines coincide. Hence equal shoe loading will ob- 
tain despite shifting of foundations and appreciable departure of 
the shaft from plumb. To obtain this self-alignment with a flat 
bearing requires the use of leveling-plate equalizing construction. 


J. F. Roserts.* This 60,000-hp Francis-type turbine, operat- 
ing under 925 ft net head, has set a new mark in American prac- 
tice for high-head reaction-type turbines. 

One point which strikes us as particularly important is the 
marked improvement which stainless steel shows as compared 
with either cast steel or rolled steel in resisting cavitation and 
scour erosion due to the high velocities under these relatively high 
heads. This further confirms data gathered in regard to cavita- 
tion of Kaplan and propeller-type wheels. Possibly the Euro- 
peans are right in their conclusions that it is well worth while to 
make the runners and some other vital parts entirely of stainless 
steel. In this particular case, had the runner, guide vanes, and 
facing plates been made of stainless steel, possibly all of the re- 
pairs required at the end of 2 years of operation might have been 
avoided. Until recently it has been impossible to secure a stain- 
less-steel runner in this country, but during the war several of 
the steel foundries have enlarged their stainless-steel casting ca- 
pacity and several stainless-steel runners are now being manufac- 
tured. It will be interesting to see whether or not these outlast 
their carbon-steel predecessors. 

The fact that stainless steel was used in the butterfly valve 
both as the seal ring on the disk and seat in the housing with ex- 
cellent results further confirms the data regarding its greater 
resistance to wear and erosion. While discussing the butterfly 
valve, the excellent streamlining on the downstream side of the 
disk so as to maintain practically uniform velocity as the water 
flows from the valve into the spiral casing deserves mention. 
The housing contracts rapidly so that there is no decrease in velo- 
city as the water leaves the area surrounding the disk, which in 
this case probably occupies from 25 to 30 per cent of the effective 
area in the valve. 

The company with which the writer is connected built a 30,000- 
hp impulse turbine of the double-overhung type for this same 
power company at about the time the Nantahala turbine was built. 
The difference in efficiency of an impulse turbine as compared 
with the reaction turbine was more than expected. While the 
impulse turbine gave about 1 per cent higher than the expected 
88 per cent, or about 89 per cent, it still was over 4'/: per cent 
below the 93.7 per cent obtained on the Nantahala turbine. Mr. 
Growdon and the other officials of the Nantahala Power Company, 
in discussing this difference, agree with the writer that if we 
had had as much experience with high-head reaction turbines 
at the time of building these plants, both plants, that is, Glen- 
ville as well as Nantahala would have been of the high-head 
reaction type. 

The tabulation showing the comparison in efficiency between 
the 22-in. model and the 85-in. Nantahala turbine deserves con- 
sideration, especially the increase of 9 per cent at half load from 
the model to the full-sized unit in the field. This is also one 
of the rare cases where the actual field tests showed a greater im- 
provement in the plant than is indicated by the Moody formula, 
as the Moody formula would show only about 92.5 per cent effi- 
ciency as compared with the 93.7 per cent actually obtained. 

While the Nantalala turbine is set with the center line of the 
spiral casing about 4 ft below the average tail water, the fact that 
serious cavitation noises occurred at loads slightly below rated 
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capacity indicates the desirability of setting this type of turbine 
even lower in order to decrease such cavitation. Had this tur- 
bine been set some 4 or 5 ft lower than it actually was, we feel that 
the cavitation limit would have been materially improved, that is, 
larger capacity would be possible without cavitation noises and, 
undoubtedly, considerably less pitting and erosion would have 
shown up on the runner. 

The authors are to be complimented on the frankness of their 
discussion in placing this valuableinformation before the Society. 
There is no doubt that this paper will be beneficial to many other 
prospective users of this specialized type of hydraulic equipment. 


F. H. Rogers.’ This paper is of great interest to both the 
operating companies and the turbine manufacturers as the use of 
Francis turbines for heads of about 1000 ft is exceptional. The 
authors are to be congratulated on the frank description of the 
original difficulties experienced and the corrective methods used. 
The maximum efficiency obtained of 93.7 per cent is indeed a 
splendid record. 

As pointed out in the paper, the successful use of a Francis- 
type unit instead of the impulse type results in higher efficiency, 
higher speed, and lower cost. The difficulties to be guarded 
against are unstable operation, pitting due to cavitation, and 
wear of internal parts, caused by the extremely high velocities 
and abrasive materials in the water, and loss of the original effi- 
ciencies due to wear at the runner seals. 

An interesting comparison with the Nantahala turbine is the 
39,000-hp unit built by the writer’s company for the Ixtapantongo 
Development of the Comision Federal de Electricidad in Mexico. 
This unit was designed for a net head of 1028 ft at a speed of 600 
rpm. The specific speed is 20.3, only slightly less than the value 
of 21.6 given in the paper. 

In the Nantahala unit a radial clearance of about 6 in. was 
allowed between the wicket gates and entrance to the runner vanes 
to result in smooth flow from the gates into the runner. For the 
Ixtapantongo unit the corresponding clearance was about 2'/; 
in. It is our experience that so large clearance is not necessary if 
wicket gates are so streamlined as to produce smooth flow. This 
smaller clearance results in decreased size of unit and lower cost. 

The authors describe how the heavy upward hydraulic thrust 
on the bottom of the gate stems caused a deflection of the upper 
flange of the crown plate, which permitted the top of the gates to 
rub the upper wearing plate, and this friction prevented sufficient 
gate closure to stop the turbine completely. 

This difficulty was avoided in the Ixtapantongo unit by extend- 
ing the lower gate stems through stuffing boxes in the lower cover, 
thus eliminating all upward thrust. 

The repairs made after 2 years of operation are of particular 
interest. It is noted that considerable wear occurred on the 
runner, throat ring, gates, curb, and crown-plate wearing rings 
and seal rings, and that these parts were repaired by welding the 
surfaces with 25-20 stainless-steel rods. 

In the case of the Ixtapantongo unit, the same carbon-man- 
ganese steel (S.A.E. 1045) was used for the wearing rings and 
seal rings, and the same bronze inserts in the stationary seal rings. 
This unit, however, has been in operation only about 18 months, 
but the power company reported that an inspection made after 
the first year of operation showed no appreciable pitting or wear 
of the internal parts. 

The authors speak of erosion or mechanical wear rather than 
pitting and the writer would like to know if this wear was caused 
by erosive action from sand or other abrasive materials in the 
water. It is noted that water is carried through an unlined pres- 


7 Manager, Hydraulic Turbine Sales, Baldwin Locomotive Works, 
Philadelphia, Pa. Mem. A.S.M.E. 


4 

tad 

ion 


GROWDON, TERRY, GNUSE, JR.—NANTAHALA TURBINE 


sure tunnel, which might result in foreign materials being present 
in the water. 

It has been our practice to use 18-8 stainless steel on the runner 
vanes, gates, wearing rings- and seal rings to resist pitting rather 
than the higher chrome-nickel materials. We understand that 
recent tests made at the Massachusetts Institute of Technology 
indicated that a 17-7 stainless steel showed greater resistance to 
pitting than the higher combination of chrome and nickel. 

It is quite possible that the 25-20 stainless steel used at Nan- 
tahala has a higher Brinell hardness and will stand up better 
where sand is present under these extremely high velocities. We 
would like to have the authors’ opinions on this matter. 

The efficiencies obtained on the field test as compared to the 
model test are unusual, as at best efficiency the prototype shows 
93.7 per cent and the model 89.5 per cent; a gain of 4.2 per cent. 
The well-known Moody formula’ would show for the runner sizes 
and heads stated, a gain of 3'/, per cent for a coefficient of n = 
0.25, and a gain of 23/, per cent for a coefficient of n = 0.20. 
The gain at part loads of 6 to 9 per cent over the model efficiencies 
is even more unusual, as such gains are rarely higher than at the 
maximum efficiency. Our company is of the opinion that the 
exponent n = 0.25 results in too high an efficiency for the pro- 
totype and is now using the value n = 0.20. 


R. E. B. SHarp.? An efficiency of 93.7 per cent with a specific 
speed of 21.6 represents an important advance in hydraulic- 
turbine performance. Surrounding conditions, justifying large 
units of the Nantahala characteristics are rare, and unfortu- 
nately the conducting of field tests of such units is even rarer. 

It is gratifying for those interested that the Aluminum Com- 
pany has seen fit to test not only the Nantahala unit, but also 
four of the Shipshaw units as well, three Allis-Chalmers, and one 
S. Morgan Smith, with water measurements by the Gibson 
method and all with excellent efficiencies. The Smith unit at- 
tained a maximum efficiency of 93.6 per cent and was one of four 
built by S. Morgan Smith, Canada, Ltd. 

The Ixtapantongo unit, which was designed under the writer’s 
direction and built by The Baldwin Locomotive Works for the 
Comision Federal Electricidad of Mexico, has, regrettably, not 
been field-tested. This unit is also of the Francis type, with a 
rating of 39,000 hp under a net head of 1028 feet, with a specific 
speed at rated power of 21.8. It was put into operation during the 
summer of 1944, and therefore does not have as long a case his- 
tory as the Nantahala unit. 

In an effort to predict, on the basis of the Nantahala perform- 
ance, the maximum efficiency which might be attained from a 
runner of still lower specific speed, the writer, in Table 1 of this 
discussion, has made a comparison of those estimated losses 
which vary most greatly with specific speed. 

The disk losses include only the external runner surfaces, 
both of the crown and band. The Unwin formula 


2.07 X X rpm? X diam in ft® 
was used. For the surfaces which depart from a disk shape a 


§ Moody formula: 
Dna\" 
E, = 100 — (100 — Ep) (77) 
where 
E, = efficiency of prototype 
E, = efficiency of model 
D, = runner diameter prototype 
D,» = runner diameter model 
Hy = effective head on prototype 
H» = effective head on model 
* Consulting Engineer, 8. Morgan Smith Company, York, Pa. 
Mem. A.S.M.E. 
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TABLE 1 COMPARISON OF ESTIMATED PERFORMANCE OF 
VARIOUS HYDRAULIC-TURBINE RUNNERS 
Hypothetical 
Shipshaw Nantahala unit 
Specific speed at best efficiency . 44.3 21.6 15 
208. 925.0 925.0 
Horsepower at best efficiency.. 74000 60000 2 
Diameter of runner, entrance, 

154 85 85 
Diameter of top draft tube, in... 159.75 59.5 46 
Radial cleararce at seals, in... . 0.0625 0.015 0.015 
Disk loss, per cent........... 0.785 1.340 2.780 
Clearance loss, per cent....... 0.578 0.650 1.007 
Draft-tube loss, per cent...... 0.875 0.327 0.214 
Shock loss at entrance, per cent 0.426 0.219 0.146 

2.664 2.536 4.147 


summation of small divisions was made. The clearance losses 
were obtained by determining the velocity head at the seals and 
deducting this from the head acting, using a coefficient of 0.5 
through the area and allowing for the reduced head on the seals 
due to the centrifugal effect between the runner periphery and the 
seal location. The authors may be able to state the measured 
Nantahala clearance loss. The draft-tube losses were calculated 
assuming a draft-tube efficiency in all cases of 80 per cent. The 
shock losses are on the assumption that one tenth of the radial 
velocity head entering the runner is lost. All lesses were calcu- 
lated at best efficiency. While the aggregate losses not included 
in this comparison amount to more than the sums of those in- 
cluded, it is believed that this comparison gives a fair indication 
of what efficiency might be expected from a Francis turbine of still 
lower specific speed for possible use with an appreciably greater 
head than 1000 ft, that is, something over 92 per cent for such 
conditions would be in order with a runner of about 85 in. diam. 
An account” has been given of a unit of Escher Wyss design which 
attained from field test an efficiency of 91.4 per cent when de- 
veloping 16,000 hp under a head of 918 ft, at a specific speed of 
15.07. The diameter of this runner was only 70 in. 

The introduction of 80 gpm of clear water into the seals is an 
interesting feature, but the small amount used leads the writer to 
question the advantage gained thereby as a means of protecting 
the seal rings from. the passage of foreign matter. Possibly the 
original reason for the introduction of this water was in connec- 
tion with synchronous-condenser operation. 

One of the principal advantages in obtaining well-conducted 
field tests, to the turbine designer, is the comparison thereof 
with the model performance, as this is the yardstick for use in 
future guarantees and designs. The Nantahala field test is unusual 
in that the step up in efficiency is so great. The Moody formula 
on the basis of the losses varying inversely with the one-fourth 
root of the runner diameters would result in a field efficiency of 
92.5 per cent. A field efficiency of 93.7 per cent corresponds with 


an exponent of about x Possibly one reason for the large in- 


crease might be in the relatively large model seal clearance. 
For this value to be homologous on the model it would be 


22 
0.015 X 35 0.0039 in. 


which is an impracticably small value. 

On the lower portion of Fig. 11 of this discussion is shown the 
model curve as compared with the field, as plotted from the data 
in the authors’ paper. It is noted that the guarantees at part 
load are disproportionately higher than the model curve which 
falls off quite rapidly. Further information in regard to this point 
would be of interest. 

On the upper part of Fig. 11 a comparison is given of the 
Shipshaw field and model tests of the Smith unit tested. In this 


1% ‘*‘Vemork Reaction Turbine Operates Under 918-Ft Head,” 
Escher Wyss & Company, Power, vol. 73, Jan.-June, 1931, p. 630. 
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instance the 19.5-in-diam model attained 89.6 per cent efficiency. 
The Moody formula steps this up to 93.8 per cent field 
efficiency, which agrees quite closely with the actual value of 
93.6 per cent. Both the Shipshaw and Nantahala field tests show 
satisfactorily high part-load efficiencies, with the Nantahala values 
somewhat higher if they are both brought to the same percentage 
of load for maximum efficiency. 

The authors make no mention of presence or absence of foreign 
matter in the water, but it would appear that there is some 
abrasive matter present, and possibly some degree of acid content. 
The writer had occasion to examine the seals of Units N5 or N6 
at Boulder after about a year of operation under a head above 500 
ft, and found the clearances on the average slightly less than 
when the units were installed, due to the deposit, in some places, 
of verdigris on the white brass inserts in the stationary rings. 
The Boulder water was, during this period, exceptionally free from 
abrasive matter. 

The substitution on the Nantahala turbine, of stainless steel 
on the stationary wearing ring for bronze, while showing gratify- 
ing results from the standpoint of maintained low leakage loss, 
appears questionable to the writer from the standpoint of safety 
during possible runaway speed. Assuming a runaway speed of 
725 rpm, which is believed to be conservative, calculations 
made indicate an expansion at this speed of about 0.008 in. on the 
radius, leaving 0.008 in. as the clearance under that condition or a 
possibility of this being reduced to 0.003 in. if the shaft swings to 
its extreme position in the bearing. Even though the rotating 
and stationary seal surfaces are not subject to galling, the pres- 
ence of two broad surfaces of hard metals under this admittedly 
abnormal condition might result in violent seizure due to heating 
after contact. In view of the excellent resistance of stainless 
steel for these surfaces, as brought out by the authors, labyrinth 
seals of this metal along the lines used in steam-turbine design 
might be a good solution from all standpoints. 

On the Ixtapantongo unit mentioned the lower gate stems 
extended through stuffing boxes in the bottom, or curb plate, 
and were of the same diameter as the upper stems. This was 
for the purpose of avoiding the heavy upward thrust on the stems, 
and also of avoiding the loss of grease due to water passing under 
the lower ends of the stems and forcing the grease upward on the 
sides of the stems nearest the runner. 

The writer wishes to congratulate Mr. Terry on the excellent 
design and performance of the Nantahala turbine, and all of the 
authors on the frank manner in which they discuss the difficulties 
encountered. This attitude is of distinct long-range benefit 
both to manufacturers and users. 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1946 


AvutHors’ CLOSURE 


The extent and quality of each of the several discussions is 
greatly appreciated by the authors. These discussions add 
greatly to the value of the paper. 

While the spherical Kingsbury thrust bearing is installed on 
the generator, it is of course an essential part of the turbine as 
well. Mr. Needs’s description of the design and construction of 
this bearing is most interesting and timely. So far, the bearing 
has functioned perfectly and we would definitely favor its use for 
hydroelectric units. 

Mr. Roberts has misinterpreted the statement in the paper 
with respect to cavitation noises in the draft tube, since these 
noises only occur at loads above rather than slightly below the 
rated load for the various heads. The turbine operates regularly 
at between 45,000 and 46,000 kw under a net head of 951 ft 
without cavitation noises in the draft tube. 

Several of the discussers raised questions relative to the pres- 
ence of abrasive materials or acid in the water. The tunnel is 
driven through hard insoluble Arkose rock. It is unlined except 
near the portals. It was thoroughly cleaned and washed out 
before being filled. The washing removed most of the rock dust 
and small gritty particles. Some rock dust remained and was 
taken out by the water during the first few hours of operation. 
The water velocity in the unlined section of the tunnel at full load 
is approximately 4.75 fps, which is insufficient to transport loose 
material through the tunnel. Practically no rocks or sand have 
been found in the rock catcher, which is located at the end of the 
unlined tunnel just before the water enters the steel penstock. 
Except for the first few hours of operation, we believe that no 
sand or rock dust has passed through the turbine. 

The drainage area is generally heavily wooded, with oak trees 
predominating. The water from this drainage area is therefore 
slightly acid. It does not affect the rate of corrosion. 

The runner seal-ring clearances for the turbine model were 
0.008 in., or relatively twice as large as for the main unit, which 
partly accounts for the large step up in efficiency, particularly at 
the lower percentages of output. 

While the bulk of the welding with stainless was done with a 
25-20 rod, some repair work was done in the field using 18-8 
and 17-7 rods. These three grades of stainless rods have appar- 
ently stood up equally well in the field. 25-20 was selected be- 
cause of the manufacturer’s experience with the application of 
this grade. The resulting deposit, is, of course, diluted by the 
parent metal in any case, dilution varying somewhat with weld- 
ing technique. The 25-20 rod is quite readily applied, and the 
resulting weld is somewhat more ductile than the other two. 

The 80 gpm of cooling water supply to the runner seal rings 
was intended for use if the unit was operated as a synchronous 
condenser and not for the exclusion of any foreign matter. The 
unit is not, however, used as a synchronous condenser but the 
operators make a practice of turning on the seal water just before 
starting the machine. The supply valves are left open as long 
as the unit is in operation. The actual necessity for this proce- 
dure is questionable but it is certainly on the safe side. The seal 
supply pressure is limited. Consequently, the supply line is pro- 
vided with a check valve to keep the water from backing up in the 
line as the turbine wicket gates are opened and the pressure builds 
up in the seal spaces. 

The Ixtapantongo unit described by Mr. Rogers is of considera- 
ble interest. Experience with that unit for the first year closely 
parallels that of the Nantahala Unit. It was only after two 
years of operation at Nantahala that the extent of the wear with 
the carbon steel was appreciated. In other words, carbon steel 
stands up satisfactorily under this head for a limited time but it 
is the authors’ opinion that stainless is needed for long-time 
trouble-free service. 


gt 
“og 
> 
- 
~ 


New Developments in Combination Controls 


By J. W. KELLY,! BURBANK, CALIF. 


This paper deals with combination controls, which pre- 
sent advantages of weight and cost saving which in recent 
years have been greatly enhanced by the dependability and 
ruggedness which can be built into them. Small electric 
motors, developed for aircraft-accessory operation, have 
permitted the construction of motor-operated valves. 
Both solenoid- and motor-operated valves now give the 
aircraft designer a wide choice of control characteristics. 
New methods and improvements in older types of follow- 
up systems for hydraulic controls are discussed in the 


paper. 


INTRODUCTION 


( tee sa between mechanical, hydraulic, and elec- 
trical modes of actuation has, through the last few years 
in the aircraft industry, produced certain results that 

would probably not have been obtainable otherwise. 

After maximum efficiency with minimum weight had been ob- 
tained from each separately, it became obvious that combinations 
of the mechanical, hydraulic, and electrical systems, utilizing the 
best of each, would produce results heretofore unobtainable. 


Hypronic 


Realizing this condition, the author’s company undertook a 
program several years ago of developing what we term “‘hy- 
dronic”’ controls (hydraulic-electrical combinations) and various 
mechanical-hydraulic combinations. 

Solenoid Valves. The first of the hydronic units (the electrical- 
hydraulic combination) to be developed were the solenoid- 
operated selector valves. The field of available solenoids was 
thoroughly covered for possible standard units usable to operate 
selector valves. Unfortunately, none was found that came within 
our weight expectations; therefore a series of developmental sole- 
noids were made. The results of tests on these solenoids set up 
the general type of solenoid to be used for valve actuation. One 
of the first solenoids put into production is the one shown in Fig. 
1, which, with a weight of 21 0z, gives a pull of 60 lb over a stroke 
of '/s in. at 18 volts. This solenoid was designed for intermit- 
tent operation and would reach a maximum temperature of 
250 F after several hours of continuous operation. 

Still not satisfied with the original solenoids, attempts were 
made to reduce the weight further. Finally a double-coil ar- 
rangement was worked out with a primary and secondary coil. 
When the solenoid is first energized, both coils contribute to the 
pull. The plunger, upon reaching the end of the stroke, operates 
a switch as shown in Fig. 2, interrupting the current to the pri- 
mary coil, allowing the secondary coil to apply a holding pull. 
Thus an instantaneous high-amperage input operates the valve; 
and the secondary coil, with low-amperage input, taking advan- 
tage of the principle that pull increases inversely to the air gap, 
holds the valve in the desired position. This type of solenoid 
gives an exceedingly high pull with a minimum of weight. 


‘Chief Engineer, Adel Precision Products Corporation. 
_ Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Aviation War Conference, Los Angeles, 
Calif., June 11-14, 1945, and at the Annual Meeting, New York, 
N. Y., November 26-29, 1945, of THe AMERICAN Society or 
CHANICAL ENGINEERS. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Having developed a suitable solenoid, a valve had to be de- 
signed to utilize the high-pull and short-stroke characteristics of 
the solenoid. One of the first solenoid valves built by the com- 
pany used a rocker arm but did not require a neutral position. 
A 30-lb spring loads the rocker arm in one direction; the solenoid 
pulls 60 Ib, thus 30 lb is available in both directions. 

Fig. 3 indicates a valve having a rocker arm operated by dual 
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solenoids. This valve requires a neutral position; therefore two 
of the double-coil solenoids are utilized with one solenoid being 
energized for one position and the other solenoid for the other 
position. When neither is energized the valve is in neutral. On 
this valve an emergency override lever is added to allow for me- 
chanical actuation in case of electrical failure. 

In order to simplify design, over-all cost, and weight, a third 
type of actuation, as in Fig. 4, was developed which eliminated 
the need for a rocker arm. Because of the pressure and return- 
poppet arrangement it is possible to get a 4-way-valve action by 
lifting two adjacent poppets at a time; thus as shown in this 
illustration, a crossbar is put between these two adjacent poppets 
with the solenoid pulling on this crossbar. On this type of de- 
sign manual actuation is easily provided. 

Various types of valves for operating pressures of 1500 and in 
some cases 3000 psi, including the shutoff, 3-way and 4-way, 
have been designed for solenoid actuation having single solenoids, 
utilizing spring returns or double solenoids with and without 
rocker arm. 

Electric-M otor-Actuated Valves. The advent of small .inex- 
pensive electric motors allows motor-operated valves to become 
competitive with solenoid-operated valves. Although the cost of 
the motor-operated valve is slightly higher at present, proper 
production engineering on either motor or solenoid valves may 


Fic. 4 So_enorm-Operatep SELECTOR VALVE; CROSSBAR 
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give either the cost advantage. Over and above cost considera- 
tion, performance requirements may dictate the use of either 
mode of actuation in that both have advantageous characteristics 
for particular applications. 

Solenoid actuation has the advantage over motor actuation in 
conventional selector valves requiring a neutral position. Limit 
switches are required to obtain a neutral position in motor-oper- 
ated valves; whereas, it is a natural function with solenoid- 
operated valves. Obviously, this advantage is lost to solen- 
oid actuation on valves requiring no neutral position. 

Emergency manual override is easier to obtain on the sole- 
noid-operated valves, due to the free movement allowed in a 
solenoid when the current is not energized. A manual override 
on a motor valve leads to complications in design. Solenoid 
valves have the advantage where fast actuation is required, 
operating in a fraction of a second, whereas the time of motor- 
operated valves is usually measured in seconds. This applies, 
however, to direct-connected conventional poppet-design sole- 
noid valves and not to pilot-operated valves which are inclined 
to be somewhat slow and erratic in operation, 

Extremely high starting loads, usually obtained in the larger 
valves, are handled more effectively by motors which give out 
high initial torque as against the low initial torque of a solenoid. 

A motor-operated valve can be readily designed to stay in 


a 


KELLY—NEW DEVELOPMENTS IN COMBINATION CONTROLS 


either extreme position without being energized, whereas a sole- 
noid requires continuous energizing to hold its position, unless 
locking mechanism is provided. 

In the weight-comparison graph shown in Fig. 5, solenoid 
valves are seen to be lighter in the smaller sizes than motor- 
operated valves, with the lines crossing slightly above the !/;-in- 
size valves. Above '/;-in-line size, the motor-operated valves 
have definite weight advantages. 

Power Package. The power package, a combination of elec- 
trical and hydraulic units, has provided the industry with an- 
other unit of extreme versatility with weight saving. Several 
years ago, when the need presented itself for a valve actuator 
required to hold the valve in extreme positions for a protracted 
period of time, the device shown in Fig. 6 was developed. An 
electrical-mechanical actuator, originally contemplated, pre- 
sented overheating problems when‘held in a stalled position. By 
utilizing a small electric-driven gear pump, taking fluid from the 
return side of the valve, a simple reversible pump-and-cylinder 
combination was worked out, providing easy actuation of the 
valve with a minimum of weight. No overheating problems were 
present due to the built-in leakage in the gear pump and the 
cylinder. 

This device led to the development of a power package for 
actuation of landing gears and flaps for light aircraft. This 
unit combines a motor-driven gear pump, submerged in the hy- 
draulic reservoir; the reservoir is surrounded by a glass tube, 
allowing visual inspection; an integral selector valve allows 
positioning; by-pass valve avoids any possibility of overflowing 
the reservoir; and a built-in relief provides adequate thermal 
protection. This unit weighing 4*/, lb, dry, has an output of 
1/; gpm at 300 psi operating pressure. 
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Later requirements for a heavier-duty unit dictated a slightly 
sturdier design as shown in Fig. 7. Designed primarily for emer- 
gency power stand-by, it incorporates a motor, pump, reservoir, 
relief, and pressure and return ports. The glass-reservoir cover 
is replaced by a casting, with fluid level being easily determined 
by the use of a dip stick. Provision is made for the adaptation 
of the Adel Stacking Midget? (a manifold-type selector valve), 
thus a package unit can be obtained incorporating a motor, pump, 
reservoir, relief valve, auxiliary pressure and return ports, and/or 


“Hydraulic Control Standardization,” by J. W. Kelly, Aero 
Digest, vol. 41, Dec., 1942, pp. 211-212, 215-216, 218, 276, and 279. 


1, 2, 3 or more selector valves. This unit gives 800-psi output 
at 0.7 gpm with '/; gal capacity for 11 lb weight, dry. 

Another problem, somewhat different from the others, led to 
the development of the pump-and-tank combination which 
forms the basis of a power package. Difficulties in pumping oil 
at 35,000 to 40,000 ft altitude led to this particular pump design, 
which shows no cavitation effects at high altitude under high- 
or low-tempe?ature conditions. The unit has a pump, motor, 
reservoir, with a built-in relief; selector valve, and other hy- 
draulic components can be added to produce a power package 
which gives 6-gpm flow at 1000 psi with a weight of 37 lb. The 


. 
" 
10 
? 
| 
$ 
i 
: 


Fic. 7 HicuH-Avtirupe Pump 


weights of the power packages are plotted against output hy- 
draulic horsepower in the curve, Fig. 8. It is interesting to note 
the slope in the horsepower ratings below the 1-hp point. 


Power Position ContTROLS 


The need for combination controls is definitely brought out in 
the field of the power position control. Utilizing hydraulic power 
as the desirable power source, three different types of follow-up 
systems which allow the utilization of efficient power position 
control will be discussed. 

Mechanical Follow-Up. A simple mechanical follow-up system 
applied to hydraulic 4-way valves is shown in Fig. 9. We have 
developed several planetary-gear follow-up systems; but find that 
this walking-beam system, through sheer simplicity, has much to 
offer. The walking beam provides a simple follow-up mechanism 
on a sensitive rocker-arm-type selector valve. Movement of the 
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master or control lever, opens the valve which in turn operates 
the power cylinder; displacement of the follow-up mechanism 
shuts off the valve when the cylinder reaches the desired position. 
Being of a simple and straightforward type, motoring and hunt- 
ing and other difficulties usually present in power position 
controls, are absent. 

Hydraulic Follow-Up. Another method, shown schematically 
in Fig. 10, utilizing the “‘Adel isodraulic”’ system, has a hydraulic 
follow-up. It offers many advantages in weight saving, installa- 
tion, simplicity, and smooth operation. It consists basically of 
three cylinders in parallel; cylinder 1 forming the master unit, 
cylinder 2 the valve-operating unit, and cylinder 3 the follow-up 
unit. 

Working on the principle that with three cylinders in parallel, 
one being held, the second being moved, the third will move 
an amount equivalent to the first. Thus the follow-up cylinder 
is held by the power cylinder. As the master cylinder is moved, 
the second cylinder operates the 4-way valve which in turn ap- 
plies pressure to the proper side of the power cylinder. Move- 
ment of the power cylinder operates the follow-up cylinder which 
automatically shuts off the valve when the desired position is 
reached, 

Electrical Follow-Up. Utilizing the electric control on hy- 
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draulic power, through the medium of a solenoid 4-way valve, 
another type of power-position-control combination is presented. 
Fig. 12 shows such a hydronic follow-up system. The master 
potentiometer upsets a bridge relationship with the follow-up po- 
tentiometer; thus the relay control box actuates the solenoid 
valve which in turn allows the cylinder to go to the desired 
position at which the follow-up potentiometer shuts the valve 
off. 

“Hydronic” system, for long distances, is the lightest of the 
three, as shown in the graph, Fig. 13. Up to around 50 ft dis- 
tance, the isodraulic position control enjoys weight advan- 
tages; and below 20 ft distance the mechanical system is the 
lightest. 

Other factors, however, invariably enter into the follow-up 
choice. Actual position indication and system “feel” are na- 
turally obtained in the mechanical and isodraulic; whereas, no 
feel is obtainable in the hydronic. Long distances are easiest 
to install with the hydronic, with the isodraulic coming second, 
and the mechanical third. The isodraulic and mechanical 
follow-up systems are self-contained and not dependent upon 
any outside source of power for actuation and followup; 
whereas, electrical power is required for hydronic operation. 
Multiple installations are easier to obtain electric-wise, re- 
quiring only slight revisions in circuits. For utmost sim- 
plicity and comprehension, when servicing in the field, the 
mechanical would rate first; with isodraulic second; and 
hydronic third. 


CONCLUSION 


Combination controls have presented many features which 
have and will be used to weight- and cost-saving advantages in 
the future as well as in the past. Actual manufacturing experi- 
ence and operation of solenoid valves over the past several years 
have given much desirable and worth-while knowledge which al- 
lows us to design into these units more dependability and rugged- 
ness than originally conceived. 

Utilization of small electric motors, currently being supplied 
on other aircraft devices, has allowed us to design and build de- 


Fig. 11 Execrricat on Hypronic Fottow-Up System 


pendable motor-operated valves. Both solenoid- and motor- 
operated valves appear to be permanently in the picture and give 
the aircraft designer a wide choice of characteristics from which 
to choose. 

The power package is beginning to come into its own; and as 
further improvements are made, weight-savings and operational 
advantages will become more and more apparent. 

New methods and advancements of old methods on follow-up 
systems for hydraulic controls, utilizing basically mechanical, 
hydraulic, and electrical combinations, give to the industry ver- 
satility with smooth hydraulic power. 
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Discussion 


R. A. Gunp.* In discussing 
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combination controls for air- 
6 craft, the author assumes that 
hydraulic power is the desirable 
power. It should be pointed 
out that for minimum weight 
the desirable power source may 
be either hydraulic or electric, 


+ 


24 V. BATTERY 


GMM PRESSURE LINE 
RETURN LINE 
CYLINDER LINES 


Fie. 12 Scuematic DiaGRaM or System SHown In Fia. 11 


25 


AN3102-18-9P 


depending on the characteristics 
of the load. Another factor 
which must be evaluated is the 
power supply on the aircraft— 
is it principally hydraulic or 


electric? 
On large airplanes, where the 


power applications are generally 
located at some distance from 
one another, hydraulic lines are 
more difficult to run than elec- 


tric wires. In military craft 
hydraulic lines are much more 
vulnerable. 


The most versatile system 
would be one employing electric 
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distribution with either electric 
or hydraulic power applied at the 
load, depending upon individual 
requirements. If, for instance, 
the load requires a_ starting 
torque of less than 6 .times 
rated torque, an electric motor 
should be used to drive the load directly. This will result in 
minimum weight and maximum efficiency. On the other hand, 
if a very high torque load must be driven, hydraulic power can 
be advantageously applied by the use of the combination power 
package. 

As an example, a split series-wound motor driving a screw jack 
could be directly substituted in place of the solenoid 4-way valve 
and hydraulic cylinder shown in Fig. 12. 

Hydraulic power is most suitable for storing energy, as in 
power-boost systems and for hydraulic brakes. 

Thus we may conclude that for minimum weight and maxi- 
mum dependability all factors should be considered, and hy- 
draulic power used only if it gives the most desirable results. 


AvuTHOR's CLOSURE 


In this paper the author has tried to avoid the controversial 
argument of hydraulic versus electrical modes of control. How- 
ever, the author’s assumption that hydraulic is the more desirable 
power source is further emphasized by Mr. Gund, and the argu- 
ments on the relative weight values of hydraulic and electric 
systems should be considered along with the many other factors 
involved before deciding which is the more desirable as a system. 


* General Electric Company, Schenectady, N. Y. 
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The Effect of Measurement Dead Time in the 


Control of Certain Processes 


By D. P. ECKMAN,’ PHILADELPHIA, PA. 


The purpose of this paper is to report on a series of auto- 
matic-control tests which demonstrate the importance 
of instantaneous controller-mechanism response in self- 
balancing potentiometer controllers. The automatic- 
control tests were made with both two-position and pro- 
portional-reset control. Other tests, dealing with the 
importance of measurement dead zone of the controller, 
are included, noting the relation between dead zone of 
measurement and dead time of controller response. 


INTRODUCTION 


NE of the most important factors in automatic control of 
industrial processes is the manner in which the controller 
mechanism responds to changes in the measured variable. 

This measuring lag, as it is often called, forms an extensive part 
of the input-output controller-response relationship. 

Generally, the factors of measurement dead time and dead 
zone are neglected in process-control analysis, particularly in 
mathematical analysis where their inclusion results in complica- 
tions of a high order. Therefore it seems desirable to investi- 
gate the effect of these factors in automatic control in order to 
aid in the application of theoretical or empirical data to control 
problems. 

Potentiometer controller mechanisms which incorporate 
continuous rather than periodic principles of rebalancing provide 
an opportunity for comparison test of these types of measuring 
means. Under simulated control conditions it is possible to 
analyze the dynamic action of the control system and the ef- 
fectiveness of continuous measurement. 

The measuring lag of a temperature controller is composed 
of two main parts: the lag of the primary element, and the lag 
of the controller detecting mechanism. It is this second part of 
the measuring lag, that due to the detecting mechanism, which 
we wish to study. For purposes of discussion we may classify 
the many methods of operation of self-balancing potentiometer 
controllers under two general types, i.e., periodic action and 
continuous action. A periodic-action potentiometer (recording 
type) is generally identified by a periodic mechanical system for 
detecting the position of a galvanometer pointer. When an 
unbalance of voltages is produced by a change in measured 
temperature, the detecting mechanism determines the amount of 
unbalance and drives a voltage divider or slide wire to balance 
against the new value of measured voltage. The periodic-action 
potentiometer is in wide general use for both measurement and 
control of process variables. 

The continuous-action potentiometer (recording type) is 
generally identified (1)* by the use of continuous uninterrupted 


1 Development Engineer, The Brown Instrument Company. Jun, 
A.S.M.E. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Industrial Pian and Regulators Divi- 
sion and presented at the Annual Meeting, New York, N. Y., Nov. 
26-29, 1945, of Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


drive means, usually electronic, for obtaining the balance of 
measured against standard voltages. The use of continuous 
action in potentiometer balancing eliminates any lag due to a 
rebalancing mechanism, and avoids periodicity whereby a small 
dead time may elapse before changes in controlled temperature 
can be detected. 


Tests Two-Position ConTrRoL 


In order to determine the effect of dead time in the measuring 
system, it is desirable to conduct tests of two-position control. 
By this means all extraneous factors may be eliminated from 
the tests of automatic control. Processes were selected on the 
process-analog control board (2) by using various combinations 
of capacitance, resistance, and dead time. 

The reaction curves for the processes to be tested are shown in 
Figs. 1 and 2. A reaction curve is determined by setting the 
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valve position and allowing the measured variable to balance. 
A small sudden movement of the valve to a new fixed position 
will result in gradual inerease of the measured variable to a new 
balanced value. The resulting time rate of change of the meas- 
ured variable is the reaction curve. All processes indicate that 
self-regulation is present. Although the reaction curves are 
shown for only one direction of change, it may be assumed that 
the negative change produces a similar curve. 

Process No. 1, shown in Fig. 1, is essentially a single-capacity 
process with a time constant af about 6 min, which is the time 
required to achieve 63 per cent of final value. Process No. 2 is 
identical in characteristics except that a dead time of 0.1 min 
was introduced between controller action and resultant vafve 
movement. 

Process No. 3, shown in Fig. 2, is a two-capacity process and 
thus involves slight transfer lag as can be noted by the slower 
initial rate of change on the reaction curve. Process No. 4 is 
identical in characteristics except that a dead time of 0.25 min 
was introduced between controller action and resultant valve 
movement. 

Each process analog was connected, in turn, to the potentiome- 
ter controller. Each potentiometer controller, a periodic-action 
type and a continuous-action type, was fitted with both pneu- 
matic and electric two-position ‘‘on-off” control. Pneumatic 
control was accomplished through a pneumatic diaphragm mecha- 
nism. The proportional band (throttling range) of the pneu- 
matic on-off controllers was 0.6 per cent of controller scale. 
The on-off pneumatic controller is not actually a two-position 
controller but is a proportional controller with a very narrow 
band. This controller, however, is commonly termed on-off. 
Electrical control was arranged so that the control contacts 
directly actuated the energy supply to the process. The dif- 
ferential gap of both electrical on-off controllers was 0.05 per cent 
of controller scale. 

With all process and controller combinations, a cycle of con- 
trolled variable was recorded. The resulting control cycle is de- 
scribed in Table 1 which shows amplitude, and Table 2 which 
shows period of cycle of the controlled variable. 


TABLE 1 AMPLITUDE OF CONTROL CYCLE; PER CENT SCALE 
Potentiometer Type of 


Process no. 
3 


controller with control 1 2 4 
Continuous action Pneumatic 0.12 4.2 2.2 5.4 
Periodic action Pneumatic 1.80 4.6 4.2 | 
Continuous action Electric 0.25 3.8 2.3 6.1 
Periodic action Electric 1.00 4.2 4.0 6.8 


TABLE 2 PERIOD OF CONTROL CYCLE; MINUTES 


Potentiometer Type of Process no. 
controller with control 1 2 3 4 
Continuous action Pneumatic 0.102 0.284 2.4 4.5 
Periodic action Pneumatic 0.50 - 0.80 3.7 5.0 
Continuous action Electric 0.03 0.25 2.4 4.7 
Periodic action Electric 0.27 0.67 3.9 5.0 
Re Actually throttling to the extent that valve never completely opens or 
closes. 


The results shown in Tables 1 and 2 illustrate the improve- 
ment caused by eliminating the dead-time delay in the poten- 
tiometer measuring means. This effect is particularly notice- 
able in processes Nos. 1 and 3, where all dead time in the con- 
trolled system is concentrated in the measuring means. In proc- 
esses similar to No. 4 where considerable dead time exists in the 
process itself, the elimination of measurement dead time results 
in proportionately less improvement. 

Dead time existing in any portion of the controlled system re- 
sults in nearly proportional increase in amplitude. It is obvious 
that if automatic control is to maintain an adequate process bal- 
ance then dead time in the controlled system must be reduced to a 
minimum. 
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Applying the results of these tests to applications of automatic 
control, it is probable that in electrically heated furnaces and 
baths where the process lags are very small, the elimination of 
measurement dead time would result in much closer temperature 
control. 

On the other hand, when controlling the temperature of such 
processes as heat exchangers, where the process lags may be of 
minutes duration, the elimination of measurement dead time may 
bring no noticeable improvement. 

It is interesting to note that the measuring lag may be com- 
puted from the results of controlling process No. 1 with the 
electrical two-position controller. Here virtually all of the lag 
aside from the time constant of the process is associated with the 
potentiometer measuring means. Since in two-position control 
the period of cycling is about 4 times the total lag (3), then the 
measuring lag should be the period divided by 4. 

Thus the measuring lag calculates to be about 0.0075 min 
for the continuous-action potentiometer measuring means and 
about 0.0645 min for the periodic type. 


Tests WiTH ProporTiONAL-RESET CONTROL 


In order to demonstrate the effect of dead zone in the measuring 
means, a controller may be applied to a process, and the devia- 
tion during a recovery from a load change may be expected to 
show differences depending upon the magnitude of dead zone (4). 
The dezd zone is generally defined as the greatest range of scale 
values within which changes in value of the controlled variable 
are not detected. 

With self-balancing potentiometers, the width of dead zone is 
generally related to the construction of its detecting and balancing 
mechanisms. As one contributing factor, the width of dead 
zone is inversely proportional to the number of active convolu- 
tions of the potentiometer rebalancing slide-wire since the 
controller pen and controller mechanism are generally positioned 
to the convolution of the slide-wire nearest the balance point. 

The self-balancing continuous-action potentiometer used in 
the previous tests has 1600 active convolutions on the slide-wire 
(1). It was desired to test this same potentiometer with 800 and 
400 convolutions on the slide-wire, thus multiplying the dead 
zone by 2 and 4, respectively. 

These arrangements were made by altering the mechanical 
relation between full-scale pen motion and slide-wire contactor 
travel. An oversize drum on the slide-wire driving shaft re- 
duced the amount of slide-wire contactor motion while maintain- 
ing the same pen motion. "This change does not alter the respon- 
siveness of the potentiometer balancing motor to a given un- 
balanced emf, but reduces the amount of slide-wire contactor 
travel for the same pen travel when a rebalancing action occurs. 
The electronic voltmeter on the process-analog control board was 
then readjusted to maintain the same range of 0 to 5 volts for 
full-scale pen travel. 

The net result of these changes is to alter the number of slide- 
wire convolutions corresponding to a given pen travel while 
maintaining the same dynamic balancing action and the same 
scale calibration. 

Three processes were selected and are described in Figs. 3, 4, 
and 5. Process No. 5, described in Fig. 3, is a relatively simple 
process having a moderate reaction rate and slight transfer lag 
Process No. 6, described in Fig. 4, possesses a moderate reaction 
rate and appreciable transfer lag. Process No. 7, described in 
Fig. 5, has a fast reaction rate and slight transfer lag. In all 
tests only the dead time inherent in the system was present and 
no dead time was intentionally added. 

Each process analog was connected to the potentiometer con- 
troller and optimum adjustments of proportional band and reset 
rate selected (5). A pneumatic proportional-reset type con- 


a 
2 
af 


ECKMAN—EFFECT OF MEASUREMENT DEAD TIME IN THE CONTROL OF CERTAIN PROCESSES 


40,000n% 40,000nr 


300 
75,000 n 350,000 n 


3S0,0007 


VARIABLE 
a 


° 2 3 4 
TIME -MIN 


Fic. D1aGRAM AND REACTION Process No. 5 


90,000N 40,000N 40,000n 40,0002 40,000n 


T5,000% .35MEG .SSMEG .SSMEG .SSMEG .6OMEG 
foo 
80 - 
20- 
2 a 4 
TIME- MIN. 
Fic. 4 Diagram Reaction or Process No. 6 
40,000n 
300 300 ut 
75,0007 350,000” 
100 
80 - 
w 
4 
4 
40 
> 4 
20- 
4 
o 
TIME -MIN 


Fic. 5 AND Reaction or Process No. 7 


709 


Fie. 6 Recovery Curves ror Process No. 5 


(45 per cent band, 0.8 per min reset rate. 1 time division equals 4 min.) 


CONVOL. 


400 
CONVOL. 


Fic. 7 
(60 per cent band, 0.4 per min reset rate. 


Recovery CurvES For Process No. 6 
1 time division equals 4 min.) 


1600 
CONVOL. 

800 
CONVOL. 

6° 400 
CONVOL. 

50 
ao 


Fig. 8 Recovery Curves ror Process No. 7 
(25 per cent band, 3 per min reset rate. 1 time division equals 4 min.) 


1600 
50 CONVOL. 
oe 
go 
800 
= | 
/ 800 
b 
; 
—| 


710 


troller was employed for these tests. After the controlled vari- 
able had stabilized, a change in supply of energy to the process 
was made and the controller recovery curve obtained. 

The supply change was introduced by adding a bias voltage 
to the existing voltage supplied to the current-input unit on the 
process-analog control board. This is, in effect, a change of 
flow through the control valve caused by a variation in pressure 
drop and requires that the controller correct for this change. 
The control valve has 200 effective positions. 

The charts showing the recovery curves are reproduced in 
Figs. 6,7,and8. The results of these tests are given in Table 3. 


TABLE 3 RESULTS OF TESTS 
Maximum deviation for = 


Reset ——supply changes-—— 
Prop. rate No. of effective 
Process band, per -——-convolutions—— 
no. per cent min 1600 400 
5 45 0.8 11.2 11.7 we 
6 60 0.4 16.7 be 18.1 
7 25 3.0 10.0 10.4 10.6 


As shown by the recovery curves in Figs. 6, 7, and 8, both an 
increase and a decrease in supply were made. The increase in 
supply results in a rise of the controlled variable before it is 
corrected by the controller, and a decrease in supply results in a 
fall of the controlled variable before it is corrected. The maxi- 
mum deviation was found by adding both the positive deviation 
and the negative deviation. In this manner various small 
nonlinearities in valve characteristics, process time-constant, and 
process lag may be averaged. 

The difference between the various maximum deviations from 
a supply change may be attributed to the different widths of 
measurement dead zone-in each test. With a larger dead zone, 
a short period must elapse between the time when an actual 
change in measured variable begins and the time when the 
controller senses the change. Thus a measurement dead zone 
creates dead time. This delays the controller corrective action 
and allows greater deviation. 

The stability of control appears to be more cyclic when the 
dead zone is greater. With process No. 6 particularly, the re- 
covery curve shows that the proportional band should be slightly 
increased in order to maintain the same ratio of succeeding am- 
plitudes of cycling. There is an appreciably consistent lengthen- 
ing of period when the dead zone is greater. The apparent de- 
crease in stability of control and the lengthening of period of 
control points to the conclusion that an additional lag exists when 
the measuring means of the controller possesses a finite dead zone. 


CONCLUSION 


The brief test results given here illustrate the importance of 
measuring lag and measurement dead zone in automatic control. 
It is desirable to maintain measurement dead time as small as 
possible since it increases the quality of control, especially on 
such processes where all other lags are small. It is desirable to 
maintain measurement dead zone as small as possible since it 
increases the quality of control by accomplishing a reduction of 
dead time. 

It is evident that more investigation is required to establish 
further the relationship between each component part of measur- 
ing lag and the measurement dead zone. In most control prob- 
lems the effect of these factors cannot be ignored because of their 
influence on the quality of automatic control. 
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Discussion 


W. F. Hicxes.* The author has shown us the detrimental 
effect of “dead time’’ in process control and has presented some 
evidence on the effects of “dead space’ in terms of slide-wire 
turns. The results are interesting because they confirm the 
conclusions reached in our own laboratory investigations and 
field work. 

It is difficult in practice to speak of dead time without 
bringing in dead space and vice versa because the two are so 
closely related. Let us assume we have a furnace at 1500 F. 
Let us further assume that with full heat on we have a heating 
rate of 5 deg F per min. Now if we have an instrument with a 
0 to 1600-deg scale range and 1600 slide-wire turns, each turn will 
represent 1 deg, that is, the instrument will have 1 deg dead 
space. With a 5 deg per min change of temperature, the instru- 
ment should move every '/; min and can hardly be much better 
than a periodic instrument with a dead time of '/, min and 
could be expected to be inferior to a periodic instrument with the 
usual period of !/gto'/;>min. It might be added that the figures 
quoted represent an actual furnace installation. 

In comparing measuring instruments the author has de- 
scribed two types, the so-called continuous and the periodic. 
Actually there are at least four types. There is the periodic type 
described by the author, which has dead space due to slide-wire 
turns and dead time due to its periodic balancing action. There 
is another type which has dead time but not dead space, since 
the slide-wire serves only to set the control point, and the control 
mechanism operates directly from the galvanometer deviation. 
This type is nonrecording but has been very successful as a con- 
troller. There is the “continuous” type, cited by the author, 
which eliminates dead time by its continuous action but which 
still has the dead space due to slide-wire turns. There is finally a 
fourth type which has inherently neither dead space nor dead 
time, the dead time being eliminated by the same type of con- 
tinuous balancing as in the previous case, dead space being 
eliminated by the substitution of stepless balancing for the 
conventional slide-wire. 

The author has stated that the elimination of dead time is of 
greatest value where process lags are small and may bring no 
noticeable improvement where lags are large. This is undoubt- 
edly correct although it should be realized that the typical ther- 
mal processes of inconsequential lags such as heat-treating fur- 
naces have in general relatively slow maximum rates of tempera- 
ture change so that dead time may be much less objectionable 
than dead space. 

The really interesting cases would appear to lie in the exten- 
sion of electronic controls of these general types to problems in- 
volving pressure and flow control. There are at present several 
makers offering units to convert pressure and differential pres- 


3 Foxboro Company, Foxboro, Mass. 
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sure into electrical values such as resistance which can then be 
measured on the type of instruments described. Since pressure 
and flow controls are normally characterized by very small lags and 
in many cases also by very rapid changes, the value of a truly 
continuous instrument free from inherent dead space as well a 
dead time should be apparent. 


AvuTHOR’s CLOSURE 


The discussion of Mr. Hickes is greatly appreciated since it 
brings out many of the factors affecting the quality of automatic 
control when controller dead zone is present. As is stated, in 
control problems of inconsequential lag measurement, dead time 
becomes an appreciable factor. 

Mr. Hickes’s conclusion with regard to dead time due to dead 
zone is open to controversy because having a slidewire in which 
one convolution represents an interval of 1 F is not identical to 
having a dead zone of 1 F. Without going into the many de- 
tails involved, a high amplifier “sensitivity” produces a condition 
wherein a rise in thermocouple emf will cause the slidewire con- 
tact to move entirely across one convolution to the edge of the 
adjacent convolution. Thus with gradually changing tempera- 
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tures it is possible to obtain a relatively greater response with a 
slidewire balancing device having discreet positions than with a 
continuously balancing device. 

With respect to measurement and controller dead zone, there 
are four general cases: (a) Control systems and process with a 
relatively fast reaction rate and little lag, (b) with relatively slow 
reaction rate and little lag, (c) with relatively fast reaction rate 
and large or appreciable lag, and (d) with relatively slow reac- 
tion rate and large or appreciable lag. The effect of dead zone is 
different in each case. 

For example, in process control with fast reaction rate and 
little lag such as in flow or speed control, the author has ob- 
served cases of pseudo stability at narrow proportional bands 
which, with large, sudden upsets become cyclically unstable, 
sometimes violently so. This passage from the stable to the un- 
stable region is apparently initiated by a fast change of the con- 
trolled variable through the dead zone and there may be little 
subsequent evidence of a square top waye. ; 

With processes having a slow reaction rate and appreciable 
lag, the dead zone evidences itself as a consistent, additional 
lag and the quality of control is proportionately reduced. 
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Mechanical Oscillators and Their Electrical 


Synchronization 


By S. W. HERWALD,! R. W. GEMMELL,? ano B. J. LAZAN# 


Mechanical oscillators provide an excellent means for 
obtaining structural serviceability tests, The adjustable- 
while-running type is particularly flexible. With it the 
answers to certain fundamentally difficult problems can 
be obtained quickly. The electrical system presented 
provides accurate remote control of frequency and phase 
angle between forces of two or more mechanical oscillators. 
In addition, means are incorporated for changing and 
indicating remotely the amount of unbalance of each 
oscillator unit. Rototrol units used with electronic and 
magnetic controls are the basic elements of this precise 
servomechanism, 


IGHER speeds in modern transportation and machinery, 
and present-day design trends toward greater efficiency 
and lighter weight have emphasized the importance of dy- 

namic forces as a factor in design. The urgency of dynamic test- 
ing of materials and structures is indicated by a few recent studies 
(1), which show that very few service failures in machine and 
structural members can be attributed to static forces alone; over 
80 per cent involve dynamic forces. 

Practical mechanical testing may be of three types, as follows: 


(a) Testing carefully prepared specimens under simplified con- * 


ditions of stress and environment to determine basic ma- 
terial properties. 

(b) Testing actual shapes, assemblies, or structures under con- 
ditions which closely simulate actual service to secure di- 
rect design data. 

(c) Testing in actual service. 


Theoretically, if basic material properties and service conditions 
are known, one should be able to predict the behavior of a struc- 
ture. Reasonable success has been achieved in such analysis of 
structures under static loads. However, predicting the behavior 
of a structure under dynamic loads in this manner is often unre- 
liable because of such difficult variables as stress concentration, 
natural frequencies, damping, load distribution, ete. Thus past 
experiences indicate that at present the best procedure is to use 
specimen testing as a guide to the selection of materials and as an 
aid during the initial design stages; but to rely on structure testing 
for refining a design and checking actual serviceability. 

Of course, no test of serviceability is as foolproof as actual serv- 
ice. However, to rely exclusively on actual service is usually im- 
practical, time-consuming, and very expensive. Thus the simu- 
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lated service test is a vital link in modern engineering analysis. 

One of the most useful tools in simulated service tests is the 
mechanical oscillator, a device for producing sinusoidal alter- 
nating force or torque of controlled magnitude, direction, and fre- 
quency. Generally, it is a portable machine which may be carried 
to the structure and attached to it for field testing. Oscillators 
of this type are particularly useful in producing sinusoidal forces of 
large magnitude at relatively low frequencies. Furthermore, two 
or more of these oscillators can be connected electrically so that a 
definite phase relationship of the force outputs can be maintained. 
This provides the possibility of a more complete test, because a 
number of definitely related forces can be introduced to the struc- 
ture simultaneously. 


Tue MECHANICAL OSCILLATOR 


Probably the first mechanical oscillator capable of producing 
linear sinusoidal force was developed by W. Spath (2) in 1928, for 
testing railroad bridges. This oscillator utilizes the centrifugal 
force of eccentrically supported rotating masses as a source of al- 
ternating force (see Fig. 1). An eccentric £ is attached to each of 
two shafts S which are motor-driven and geared so as to rotate in 
opposite directions. When both eccentrics E point vertically 
downward, position a in Fig. 1(a), the radial centrifugal forces add 
and the resultant force is vertically downward. After 90 deg of 
rotation to position b, the two centrifugal forces point in opposite 
directions and cancel each other. When the eccentrics reach 
position c they again add to produce a vertically upward force, 
and at position d they again cancel. In general, the net force is 
the vector sum of the two radial centrifugal forces, which is a 
sinusoidal alternating force such as shown in Fig. 1(b). 

The same oscillator may be arranged to produce pure torsional 
vibration about an axis perpendicular to the plane of the paper at 
b in Fig. 1(c), by driving shafts S in the same direction and re- 
arranging the eccentrics as shown. 

The frequency of the alternating force equals the frequency of 
rotation of the oscillator, and the magnitude of the force equals 
the total inch-pound unbalance in eccentrics E multiplied by the 
angular velocity squared. The value of the unbalance can be ad- 
justed by changing either the radial location or the size of eccen- 
trie 

Variations of the Spath unit have been developed using four (3) 
or six (4) eccentrics, or using a different arrangement for the eccen- 
trics so as to permit greater flexibility in governing the direction of 
types of possible forces. Oscillators have been built (4) capable 
of producing alternating forces as high as + 44,000 lb; others have 
unbalanced masses with eccentricity as high as 6800 in-lb. 

In many types of tests it is imperative that the weight of the 
oscillator be kept to a minimum. Mechanical oscillators de- 
veloped to meet this requirement include the scotch yoke and the 
hypocyclic oscillator (3). However, none has been as successful 
as the centrifugal-force type from point of view of simplicity of 
operation, ease of maintenance, and purity of the sinusoidal force. 
The scotch-yoke oscillator, for example, generally induces rather 
severe harmonics which make analysis of results difficult. 

During the dynamic testing of a structure it is generally neces- 
sary to cover a wide range of alternating forces. In the early os- 
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cillator every change in unbalance required stopping the unit and 
manually moving or changing the eccentric. This procedure not 
only consumed time, but also made certain types of tests very dif- 
ficult. Recent improvements in centrifugal-force oscillators per- 
mit stepless adjustment of unbalance without stopping the unit. 
This may be accomplished either by adjusting a remotely con- 
trolled electric drive or by turning a knob attached to the oscil- 
ator. 

Three different types of unbalance-changing mechanisms have 
been used: (a) differential gear changer (5); (b) helical key 
changer(6), which is now the most popular adjustable-while-run- 
ning oscillator in use; and (c) 45-deg rack changer. Inasmuch as 
the special electric synchronization equipment to be described 
later was developed for the oscillator with the rack changer, this 
unit wil] now be described in detail. 

The principle of operation may be understood by referring to 
Fig. 2. The oscillator consists of a base plate B to which are 
mounted pedestals C, D, E, F,andG. The ball bearings contained 
within the pedestals support rotating shaft H between C and D, 


rotating shaft J between £ and F, and rotating shaft J between F 
and G. Shafts H and J are mechanically connected by a shaft 
running through the center of J so that they rotate together at the 
same speed and in the same direction. Spiral bevel gears L con- 
nect shafts H and J so that they rotate in opposite directions but 
at the same angular velocity. An eccentrically supported mass is 
attached to each of the three rotating shafts; eccentric M to shaft 
H, eccentric N to shaft J,and eccentric O to shaft J. At any given 
setting of the oscillator, eccentric N has an inch-pound unbalance 
equal to the sum of the unbalance in eccentric M and QO. Further- 
more, the inch-pound eccentricities in M and Q are inversely 
proportional to the distances of M and O from eccentric \. 
This results in cancellation of moments. 

Since eccentric N rotates in one direction as eccentrics M and 0 
rotate at the same velocity in the opposite direction, pure sinu- 
soidal force results (see previous explanation of Spath unit). It 
is possible to produce sinusoidal vibration in any direction per- 
pendicular to the axis of rotation by unmeshing gears L (which 
enables shaft J to turn freely without a corresponding rotation of 
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shafts H and J), turning shaft / as desired, and remeshing the 
gears L. 

The unbalance of all three eccentrics may be remotely and step- 
lessly varied from zero to the maximum value while the oscillator 
is either stationary or running. This is accomplished as follows: 

Each eccentric consists mainly of a large unbalanced mass and 
two racks P containing square teeth which make a 45-deg angle 
with the axis of the rack. These straight racks P slide in rec- 
tangular slots cut in the three shafts H,7, and J. Contained with- 
in these three tubular shafts are round members Q which have 
45-deg square teeth cut on two sides to mesh with the 45-deg 
teeth on straight racks P. Thus as racks Q are moved axially, the 
meshing teeth will cause straight racks P to move radially, there- 
by changing the radial location of the center of gravity of the ec- 
centrics. At zero unbalance, racks Q are so located that the center 
of gravity of the eccentric assembly consisting of P, ete., is at the 
center of rotation. To increase the eccentricity, the center of 
gravity of the eccentric is moved radially outward from the center 
of rotation. 

Ball bearings contained within the shafts H, 7, and J hold the 
racks in rigid axial location, but allow them to have angular free- 
dom so that they can rotate with the parts they locate. This 
axial location is determined by the position of yoke 7 which is 
moved by motor-driven worms and screws U to adjust the radial 
location of the eccentrics. 

This oscillator has a maximum unbalance of 150 in-lb and can 
produce alternating forces up to = 1000 lb at speeds as low as ap- 
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proximately 500 rpm. Further refinements incorporated in this 
unit will be discussed in another section. 


ELECTRICAL CONTROL 


The basic electrical equipment used to control accurately 
the frequency and force-phase relationship of two oscillators of the 
type shown in Fig. 2 is the Rototrol (7). This machine is illus- 
trated in Fig. 3. When it is used with the proper electronic con- 
trol, it provides the power required for precise regulation of the 
oscillator drive motors. The drive motors, shown as C in Fig. 4, 
rotate the unbalanced masses in the oscillators, producing si- 
nusoidal forces in the manner described in Fig. 1. The motor 
shown is rated 3 hp at 3600 rpm. 

Complete control of both oscillator units is obtained at the con- 
trol box shown in Fig. 5. From here the speed of the oscillators, 
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the phase angle between their force outputs, and the amount of 
unbalance in each unit can be varied while the oscillators are run- 
ning. Here also are the normal and emergency braking switches 
used to obtain decrement curves and emergency shutdown, re- 
spectively. Frequency can be fixed at anywhere from 100 to 
1800 cycles per min; phase angle between forces can be fixed 
anywhere between zero and 360 deg; unbalance can be changed 
from zero to 150 in-lb on each oscillator independently. 

Fig. 6 shows the indicating panel associated with this equip- 
ment. It contains the test record and is conveniently arranged 
for photographing. Thus the time of test, the frequency, the 
eccentricity in each of the units, and the phase error between 
the units can all be obtained on one photograph. The phase error 
mentioned should not be confused with the phase-angle setting on 
the control panel. Phase error is merely the inaccuracy of the 
phase angle as set on the centrol unit. The phase-error meter 
reads directly in degrees. In operation it showed substantially 
less than + 15 deg, even with large eccentricities and with the 
units 180 deg out of phase. 

The schematic diagram of the electrical system used to control 
the oscillators is given in Fig. 7. 


FREQUENCY AND PHAsE CONTROL 


For the No. 1, or master unit, a desired frequency is maintained 
within close limits by matching the preset portion of the control- 
unit battery voltage with that of a d-c tachometer generator A, 
Fig. 4, driven by the No. 1 oscillator motor C, Fig. 4. The volt- 
age difference which occurs when the generator voltage does not 
match the battery potentiometer voltage is fed into the amplifier, 
Fig. 8. The amplifier output controls the output voltage of the 
No. 1 Rototrol generator which in turn changes the speed of the 
No. 1 oscillator drive motor so as to reduce the voltage error be- 
tween the tachometer generator and the preset portion of the bat- 
tery voltage. Thus except for a very small voltage difference re- 
quired to produce enough Rototrol output voltage to maintain the 
oscillator drive motor at the required speed, the system is self- 
compensating, tending always to reduce the voltage error. Since 
a d-c tachometer generator produces a voltage that varies linearly 
with speed, all one has to do to vary frequency is to adjust the bat- 
tery potentiometer B, Fig. 9. This, of course, causes the drive 
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motor to change speed so that the tachometer voltage again 
matches thé portion of the battery voltage picked off by the po- 
tentiometer. 

The No. 2 unit operates in a similar manner, except that there is 
one added feature. In order to maintain a given phase relation- 
ship between the Nos. 1 and 2 units, a synchrosystem is used to 
detect error from the desired phase relationship. This error is de- 
tected as an a-c voltage that varies as the sine of the angle of devi- 
ation from the desired phase relationship of the Nos. t and 2 units. 
An electrical schematic of this synchrosystem is shown in Fig. 11. 
The rotor of the synchrogenerator which has salient poles is ex- 
cited single phase. This sets up the flux field A which cuts the 
stator windings. These stator windings are usually displaced 
mechanically 120 deg and connected to exactly similar windings of 
the synchrodifferential. The currents that flow in similar wind- 
ings such as a and a’ or 6 and b’ of the generator stator and 
the differential rotor are identical. Therefore flux field B has the 
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same position relative to the windings as flux field A and the wind- 
ings have served as a means of indicating generator-rotor position 
in the differential. Similarly the combination of the synchro- 
generator-rotor and the differential-rotor positions is indicated by 
the synchrocontrol-transformer flux field C. Thus the apparent 
position of the generator rotor as indicated to the control trans- 
former by flux field C can be changed by rotating the synchro 
differential rotor. 

The control transformer is similar to the synchrogenerator ex- 
cept that the rotor has a distributed winding to reduce reaction 
torque. With the synchrocoytrol transformer rotor in the position 
shown in Fig. 11, no error voltage appears across terminals 7, and 
T: as the rotor is at right angles to the flux field C. As the rotor is 
rotated the component of flux intercepted is proportional to the 
sine of the angle of rotation, consequently, the error voltage at 
T: and 7; also varies as the sine of the angle of control-trans- 
former-rotor rotation. The rotation of either the synchrogener- 
ator or differential rotor produces a voltage at 7’, and T; that varies 
as the sine of the angle of rotation. This occurs because move- 
ment of either rotor shifts flux field C relative to the control-trans- 
former rotor. 

If the generator and control-transformer rotors are rotated at 
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exactly the same speed the voltage at T, and T, does not vary as 
the relative position of flux field C and the control-transformer 
rotor does not change. 

As used in this system the synchrogenerator B, Fig 4, is driven 
by the No. 1 motor and is electrically connected through the syn- 
chrodifferential C, Fig. 10, in the control unit to the synchro- 
control transformer which is physically located on the No. 2 unit 
exactly as in B, Fig. 4. The control transformer is driven by the 
No. 2 motor. The phase-relationship-error voltage obtained from 
the synchrosystem, as described, is superimposed on the frequency 
control in the amplifier channel for the No. 2 unit. 

The voltage output of the No. 1 tachometer generator is used to 
give an indication of the frequency. A voltmeter, see Fig. 6, in 
the indicating panel, calibrated in cycles per min, is used for that 
purpose. The control-transformer error voltage, which is a meas- 
ure of the phase-angle error between the Nos. 1 and 2 units, is in- 
dicated by an a-c voltmeter on the indicating panel. This phase- 
angle error is required so that enough control-transformer error 
voltage is produced at the No. 2 unit amplifier channel to hold a 
fixed phase relationship between the Nos. 1 and 2 units. 


CONTROL 


The eccentricity of an oscillator unit is varied by operating a 
switch on the control-unit panel. It is a two-way momentary 
‘on” switch, and by using relays and limit switches D and E£, 
Fig. 12, the eccentricity motor B, Fig. 12, is operated in either 
direction so as either to increase or to decrease the eccentricity. 

A synchrogenerator C, Fig. 12, is driven by the eccentricity 
motor. By electrically connecting this synchrogenerator to a 
similar one in the indicating-panel unit which drives a counter, 
an indication of the eccentricity in each cf the units is obtained. 
This, of course, is the standard synchrotie connection. The 
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amount of unbalance in the unit can be determined mechanically 
by inserting a calibrated needle gage in bolt hole of A, Fig. 12. 


AMPLIFIER OPERATION 


The amplifier shown in Fig. 8 is used as a means of detecting 
the low-power-level intelligences offered by the battery, d-c tach- 
ometer, and synchro machine circuits, and of converting them al- 
most instantaneously into intelligence at a power level sufficiently 
high to control a Rototrol generator-control field. A Rototrol is in 
itself a fine power amplifier. Its power output, which is regulated 
by the control field, is great enough to run an oscillator drive 
motor, and yet it is a fast machine electrically, responding quickly 
to the intelligence the amplifier transmits to its control field. 

The Nos. 1 and 2 channels of the amplifier are similar. Each has 
two stages of push-pull d-c voltage amplification for which a pair 
of 6SL7’s are used, A Fig. 8, and one push-pull power-amplifica- 
tion stage in which two 6L6’s, H Fig. 8, are used. A dynamotor 
B, Fig. 10, supplies direct current for the plates of the 6SL7’s, 
whereas the plate supply for the 6L6’s is alternating current. 
Each pair is supplied by a separate secondary winding of the same 
transformer. The difference between the two channels of the 
amplifier is that the synchrocontrol-transformer error voltage is 
introduced into the No. 2 channel only. This locks the No. 2 os- 
cillator in a definite phase relationship to the No. 1 oscillator. 
As previously described, this phase relationship can be varied from 
zero to 860 deg by rotating the differential synchromachine rotor. 

As in the case of all servomechanism (8) systems, proper damp- 
ing means must be used to prevent “hunting.’”’ In this oscillator 
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system damping is obtained by derivative feedback from the 
Rototrol armature circuit. 


CONCLUSION 


During the past 17 years the use of mechanical oscillators for 
simulated service testing has enjoyed steady growth. Originally 
developed for testing railroad bridges, oscillator testing has been 
found applicable to testing many other types of structures, such as 
aircraft, land vehicles of all types, buildings and foundations, and 
ships. In testing such structures mechanical oscillators have 
been used to determine such properties as fatigue strength, natural 
frequency of vibration, damping capacity, resonant stress, flutter, 
riding comfort, and other vibration-response characteristics. 
Oscillators have also been used for many types of soil investigation 
(such as the behavior of an airport landing strip under vibration), 
and as a laboratory tool to study fatigue, stress-relief possibilities, 
dynamic modulus of elasticity, dynamic creep, etc. A relatively 
small oscillator is a particularly powerful dynamic testing machine 
when used to produce resonant vibrations; under these condi- 
tions the force exerted on the part under test may be from 10 to 
more than 100 times the oscillator force (3). 

Certain types of dynamic testing require two or more oscillators 
properly synchronized and controlled to induce a desired vibra- 
tion. For example, one method of determining flutter character- 
istics in aircraft wings is to attach an oscillator to each wing to 
excite controlled and properly synchronized vibrations during 
flight. The equipment described in this paper will perform such a 
task. The combination Rototrol and electronic control will main- 
tain precisely the frequency and phase relationship of two or more 
oscillators. Additional electrical control provides means of ad- 
justing the frequency, phase, and eccentricity of the oscillators 
while the units are operating. 
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Precision Tachometer for Use in 


Wind-Tunnel Testing 


By R. K. FAIRLEY! ano H. L. CLARK! 


The equipment described is a high-speed high-accuracy 
tachometer developed primarily to measure rotative speed 
during the power-testing of airplane models in wind tun- 
nels by measuring the frequency of a tachometer genera- 
tor. The frequency being measured is automatically 
compared with that of a tuning fork and indicated on an 
instrument having a scale length of 86 in. 


the modern wind tunnel, built to analyze the performance 

of planes and their component parts. While all tunnels 
are custom-built, they have one common characteristic, that is, 
the need for many accurate instruments. In addition to fairly 
good accuracy, good precision is also required since precision or 
constancy of indication will reveal trends resulting from model 
changes. 

To build instruments of the accuracy required is sufficiently 
difficult, but to add to the difficulty, such instruments should be 
self-reading or recording. As the design of airplanes increases in 
complexity, the number of instruments which must be read simul- 
taneously is multiplied. To expedite research work, not to men- 
tion economics which is sometimes forgotten under the stress 
of war work, it is highly desirable to obtain such readings at the 
touch of a button. Automatic recording avoids the errors of an 
observer, particularly those caused by fatigue. Not only are such 
errors obviated by self-recording features, but such readings may 
also be recorded in a calculating machine and much laborious 
manual calculating work avoided. 

Some phases of model testing involve so-called ‘power on 
tests.” This means that the model plane will be provided with a 
propeller and a power plant, usually an electric motor or motors. 
When a test is in progress it is necessary to know accurately the 
speeds of these electric power plants and the developed torques. 
Torque is usually measured indirectly, first, by calibrating each 
motor in a dynamometer and measuring the electrical input at 
each given speed. The motor is then mounted in a model plane 
in the wind tunnel, and at the same speed, the same watts, volts, 
and amperes are applied and the calibrated torque obtained. 

During a test run the watts, volts, amperes, and speed are 
continuously measured and numbers set up in a printing machine. 
When stable conditions are reached these quantities, together 
with their associated multipliers, etc., are simultaneously recorded 
in the printing machine. 

It is the purpose of this paper to describe the equipment which 
measures the speed and actuates the printing machine. 


Cy) of the largest laboratory devices we have today is 


PRINCIPLE OF OPERATION 


Accurate measurements are usually facilitated by comparison 
with a known value, commonly referred to as a standard. For 
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example, accurate measurements of weight can better be made 
with a balance, using tested weights, than with a spring scale. 
The balance uses the comparison principle while the spring 
scale uses the deflection principle. 

A similar principle applied to the measurement of frequency is 
often used employing an oscilloscope and Lisajou figures. The 
ratio between the unknown and known frequencies, such as 3/,, 
5/,, etc., is deduced from the shape of the pattern. The equip- 
ment to be described automatically obtains this ratio using a self- 
contained known frequency, and indicates the value of the un- 
known frequency on a special long-scale instrument. 


INSTRUMENT 
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Fig. 1 Basic Circuit, DeFLecTIon PRINCIPLE 


A simplified circuit showing the principle of operation is illus- 
trated in Fig. 1. The switch, normally in position A, snaps 
over to position B at the beginning of the cycle being measured. 
This is shown at point 1 in Fig. 2(a). After a definite length of 
time this switch automatically switches back to position A and 
stays there until the beginning of the next cycle of the fre- 
quency being measured (point 2). Current will flow through the 
instrument while the switch is in position B. The wave shape of 
this current is shown in Fig. 2(b), in which ¢, shows the definite 
length of time the switch stands in position B, and & is the time 
for one cycle of the frequency being measured. The instrument 
will indicate the average value of the current, shown as t,y. 
When a higher frequency is being measured, as shown in Fig. 
2(c), the switch snaps from position A to position B at the be- 
ginning of the cycle, stands in position B for the same definite 
length of time as before, then snaps to position A, and then waits 
in position’A until the beginning of the next cycle. The current 
flows through the instrument as shown in Fig. 2(d). Since the 
pulses of current are spaced more closely together, the average 
current will be higher. This average current is given by 
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Fic. Basic Circuit, BALANCE PRINCIPLE 


Equation [3] shows that the average current through the instru- 
ment is proportional to the frequency being measured. 

However, the use of an ordinary indicating instrument to meas- 
ure the average current makes use of the deflection principle in- 
stead of the more accurate comparison principle. Rearrange- 
ment of Equation [3] gives 


Here we see that the ratio between the average and maximum 
current is proportional to the frequency being measured since 
t, is a constant. 

This ratio may conveniently be measured by using a self- 
balancing bridge, the basic circuit of which is shown in Fig. 3. 
The bridge consists of resistors R2, R3, and R, plus R; which is a 
self-balancing potentiometer. (The resistor R;, denoted ‘“Auto- 
matic Current Control,’’ is required to hold the current through 
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this arm of the bridge strictly proportional to the supply voltage. 
This is necessary because of the somewhat variable voltage drop 
across the switching element which is to be described later.) The 
voltage across R, is proportional to 7,,, while the voltage across 
R, plus R; is proportional to 7x. When the slider on the poten- 
tiometer is adjusted so that no current flows through the gal- 
vanometer 


— 

Here we see that the value of the frequency being measured 
is determined by the ratio of two resistances and the constant 
t, which is the time for one cycle of the tuning fork. 

Since changes in the value of the supply voltage produce like 
changes in and the ratio of Temains unchanged. 
Variations in the power-supply voltage do not change the value of 
the frequency indicated. 

As shown in Fig. 4, the equipment consists of two essential 
units, a measuring unit and a self-balancing potentiometer. The 
measuring unit performs the switching operations which deter- 
mine the ratio of i,y/tmax While the self-balancing potentiometer 
measures this ratio. 


Fie. 4 Precision TACHOMETER 


MEasuRING UNIT 


Since the required switching speed is very high, electronic in- 
stead of mechanical switches are used. To form an electronic 
switch two tubes are connected as shown in Fig. 5. Each tube 
acts as one pole of a single-pole double-throw switch, that is, only 
one tube conducts current at a given time. For instance, assume 
tube Vj, in Fig. 5, is carrying current. This current flows through 
R,, causing a voltage drop. Through the voltage divider Rs and 
Rg, the grid of V2 is held so far negative with respect to its cathode 
that no current flows in this tube. There is no voltage drop 
across R,so that through the divider R; and R;, the grid of V, is 
held positive, and V; continues to conduct current. 

To change the switch from its original position a negative im- 
pulse may be applied to the grid of V; decreasing the current in V;, 
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causing its plate voltage to rise. Through the voltage divider 
the grid of V2 is driven positive, causing this tube to conduct cur- 
rent. The resulting voltage drop across R, will, through the volt- 
age divider, drive the grid of V; negative, thus holding off tube 
V, while tube V, conducts current. Thus a voltage impulse ap- 
plied to one of the grids causes a transfer of current to take place 
similar to that of a single-pole double-throw switch. 

Several of these electronic switches are used in combination to 
obtain the current pulses as shown in Fig. 2. 

The timing element of the equipment is a tuning-fork oscillator. 
A close-up view of the tuning fork is shown in Fig. 6. A small 
Alnico magnet is mounted on the end of each tine of the tuning 
fork, and a coil opposite each magnet. Motion of the tuning fork 
generates a voltage in the coils, one of which is connected to the 
grid of an amplifier tube. This voltage, after being amplified, is 
applied to the other coil, thus sustaining the oscillations. 

The frequency of the tuning fork, which is approximately 3000 
cycles per sec, must in most cases be 3 times the highest fre- 
quency to be measured. Such a tuning fork can be made to pro- 
vide a high degree of accuracy. The principal cause of inaccu- 
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Fic. 7 PoTENTIOMETER 
racy is the temperature coefficient of the material. A material 
having a temperature coefficient of 5 parts per million per centi- 
grade degree is used so that an accuracy of the order of 0.05 per 
cent is easily obtained. 


Sevr-BaLaNcinG POTENTIOMETER 


The self-balancing potentiometer shown in Fig. 7 uses as a 
galvanometer an ordinary microammeter with a mirror instead of 
a pointer. This galvanometer reflects a beam of light from the 
light source to two phototubes, dividing it equally between 
the phototubes when the circuit is balanced. If one phototube re- 
ceives more light than the other, one of the thyratrons passes 
current through the motor, which through a gear reduction drives 
the potentiometer in the direction which will bring the galva- 
nometer to balance. The potentiometer will accurately follow 
variations of 2 per cent of full scale per second and has a maximum 
speed of 15 per cent per second. This speed is ample to follow 
the speed variations encountered in the application described. 

The potentiometer consists of 10,000 or more turns of fine re- 
sistance wire wrapped around a core of Formex-insulated copper 
wire, and 14 turns of the whole wrapped around a grooved drum. 
A split nut carrying the slider rides in a groove so that as the 
drum rotates the slider follows the resistance wire. A pin on 
the split nut rides against a cam which is shaped so as to ad- 
vance or retard the slider to compensate for nonlinearity of the 
resistance wire. The potentiometer unit is made accurate to 0.1 
per cent or better. 

Also connected to the gearing is a selsyn transmitter so that the 
position of the potentiometer can be transmitted to a remote loca- 
tion for operating the recording mechanism for indication or 
control. The indicating instrument shown in Fig. 8 has two 
hands, one of which makes 10 revolutions while the second hand 
indicates the number of revolutions made by the first hand. The 
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scale length for 10 revolutions is 86 in., making eaeh division, 
which is 0.1 per cent, very nearly */3: in. so that a reading to the 
accuracy of the equipment can be made without estimating frac- 
tions of a division. The transmitter and receiver selsyns each 
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turn 150 revolutions for full scale so that an error of 5 deg in the 
selsyn, for example, would cause less than 0.01 per cent error in 
the indication. 


AccuRACY OF INSTRUMENT 


The method of calibration is largely responsible for the high 
degree of accuracy obtainable with this equipment. The known 
frequency of the tuning fork is connected to the input of the 
equipment with the circuits so arranged that one half the fre- 
quency of the tuning fork is measured. The indicating circuit 
is then adjusted so that the proper reading is obtained, thus cor- 
recting for any variations in the electronic circuit. Since the cir- 
cuit is essentially independent of tube characteristics, these initial 
variations are small, and after being corrected as described, are 
negligible. The factors entering into the accuracy of the measur- 
ing unit then are the frequency of the tuning fork and the values 
of several precision resistors which are accurate to 0.05 per cent or 
better. 

Adding up the several factors, 0.05 per cent for the tuning fork, 
0.05 per cent for the resistors, and 0.1 per cent for the self-balanc- 
ing potentiometer, the over-all accuracy of the device is 0.2 per 
cent or better. 
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Electromagnetic Torquemeter 


By M. W. HIVELY' ano D. F. LIVERMORE! 


The electromagnetic torquemeter is a dynamometer of 
the transmission type. A calibrated shaft unit is directly 
connected in the rotating shaft where the torque is to be 
measured. This paper describes a slip-ring type of torque- 
meter in which the small torsional deflections in the shaft 
unit are measured by electromagnetic-gage elements and 
associated electrical components to give a continuous 
direct reading of torque with an accuracy of 1 per cent of 
full-scale torque. By proper mechanical and electrical 
design, effects of centrifugal forces and changes in brush 
resistance are held to negligible values. Several torque- 
meters of this type are now in use. They cover a range 
of 250 lb-ft at 8000 rpm to 10,000 lb-ft at 400 rpm. The 
same general torquemeter principle is readily applicable 
to much higher torque ranges. 


INTRODUCTION 


HERE is a growing demand for torquemeter equipments 

to measure the torque transmission through a rotating- 

shaft system. Some typical examples are the torque ap- 
plied to an aircraft propeller or helicopter rotor, the torque 
transmission from a prime mover to a compressor load, and the 
torque transmission through drive shafts and axles in automo- 
biles and trucks. The torquemeter will, of course, not replace 
the conventional cradled-dynamometer equipments which are 
often used for similar purposes, but nevertheless it has a very 
definite field of application of its own. 

The torquemeter development has been going on for many 
years, and the various designs are al- 
most as numerous as the development 
engineers who have worked in this field. 
Substantial progress has recently been 


several types of torquemeters vary. The General Electric elec- 
tromagnetic shaft unit, to which most of the discussion to follow 
is devoted, measures the torsional deflections, over a fixed shaft 
length, with electromagnetic gages. Changes in torque produce 
corresponding changes in the air gaps of the gages mounted in 
the shaft unit. These changes can be measured electrically by 
use of suitable electrical components which are a part of the 
torquemeter equipment. 


DeEscrRIPTION OF ELECTROMAGNETIC-TORQUEMETER SHAFT UNIT 


The electromagnetic torquemeter consists of the shaft unit 
and electrical components required to translate torsional de- 
flections of the shaft unit into electrical-instrument readings. 

The shaft unit is shown in Figs. 1 and 2. It consists of a 
hardened alloy-steel shaft 20 to 30 in. long which is coupled be- 


Fig. SHAFT UNIT 


BRUSHES REDUCED SECTION ARMATURE 


made. 


The electromagnetic torquemeter dis- 
cussed herein is a transmission dyna- 
mometer of the torsion type in which a 
calibrated shaft unit is inserted as a 
section of the rotating shaft. 


IN 


Most torquemeters for rotating shaft- 
ing make use of the same fundamental 
physical principle: An elastic member, 
when subjected to an external torque 
within the elastic limit of the member, 
will deflect torsionally an amount pro- 
portional to the applied torque, and will 
return to its original state when the load 


is removed. The amount of angular 
twist in a fixed length of shaft is mea- 
sured by some means. It is in this 
means of measuring the twist that the 
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tween the prime mover and the load. A section of this shaft is 
made with a reduced diameter so that approximately '/, deg of 
torsional displacement is obtained in 2 to 4 in. of shaft length. 
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A bracket fastened rigidly on one end of this section transfers 
this torsional displacement to the other end of the reduced section 
where it is measured by securely attached electromagnetic-gage 
elements, consisting of two U-shaped laminated cores and associ- 
ated coils with an armature common to both of them. Two 
such brackets and gaging elements are located diametrically 
opposite each other with the gaging elements electrically con- 
nected together. Pure torque affects each of these elements 
equally. Torque and shaft-bending affect one element such that 
it sees a displacement which is a function of the torque, plus a 
displacement which is a function of bending. The other element 
sees a displacement which is a function of torque minus the 
bending effect. The two gage elements electrically average 
these displacements, and the bending effect in one element is 
canceled by an opposite effect in the other element. 

A cylindrical shell spanning this reduced section of shaft and 
covering both gage elements is securely fastened to the shaft 
just beyond one end of the reduced section. A disk is securely 
attached to the shaft just beyond the other end of this reduced 
section. Both cylindrical shell and disk are notched and fitted 
together in such a manner that they do not touch each other until 
the torque is approximately 250 per cent of the maximum rating 
of the shaft unit. From that point on the cylindrical shell and 
disk carry a large part of the overload torque. This feature 
protects both the reduced section of shaft and the gage elements 
if overloads are encountered. Such overloads might occur due 
to sudden loading or excessive torsional oscillations. In Fig. 1 
the shaft unit is shown with cover and cylindrical shell removed; 
however, the notched disk can be seen at the right of the slip 
rings. 

The electrical connections to the gaging elements are made 
through three slip rings and two sets of brushes. Careful con- 
sideration has been given in the design of the shaft unit to mini- 
mize the effects due to variation in contact resistance between 
brushes and slip rings. How this is accomplished is discussed in 
the section entitled ‘‘Design Considerations.” 

Each slip ring is engaged by two brushes located 180 deg 
apart. The brush rigging and cover assembly is supported by 
end plates which are held concentric with the shaft by standard 
ball bearings, serving to locate the brushes in the proper axial 
position with respect to the shaft. The cover assembly is held 
stationary by a suitable anchor. 


ELECTRICAL COMPONENTS 


The electrical components shown in Figs. 3 and 4 translate 
the torsional deflections as detected by the shaft-unit gaging 
elements into electrical-instrument readings. The shaft unit 
has already been described. The oscillator supplies 2000-cycle 
power to the torquemeter power unit which contains impedance- 
comparing elements. The basic circuit of the power unit and 
shaft unit is shown in Fig. 5. Coil 1 is located on the shaft unit 
diametrically opposite to coil 3. Coil 2 is adjacent to coil 1 with 
coil 4 diametrically opposite. When a torsional displacement 
increases the impedance of coil 1, it also increases the impedance 
of coil 3 and decreases the impedance of coils 2 and 4. These 
coils are connected to two capacitors C1 and C2 and to the indi- 
cating instrument through a unique rectifier arrangement as 
shown. 

When the average impedance of coils 1 and 3 is equal to the 
average impedance of coils 2 and 4, there is no current flowing in 
the torque indicating instrument. For average impedance of 1 
and 3 greater than that of 2 and 4, the current will flow in the 
opposite direction from that obtained when the average imped- 
ance of 1 and 3 is less than that of 2 and 4. 

An electrical zero-position adjustment of the torque indicat- 
ing instrument is obtained by potentiometer R. The volt- 
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Fie. 3 ELECTROMAGNETIC-TORQUEMETER SHAFT Unit WITH ELEc- 
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Fie. 5 Sonematic DIAGRAM OF TORQUEMETER-GAGE CIRCUIT 


meter V is used when setting the transformer-secondary voltage 
at a predetermined value to give correct sensitivity. 

The torque indicating instrument is a direct-current milliam- 
meter with its scale marked in pound-feet of torque. 


DeEsIGN CONSIDERATIONS 


Since the electrical connections to the gaging elements are 
made through brushes and slip rings, the contact resistance be- 
tween brushes and slip rings constitutes a part of the impedance 
measured by the electrical components. By making the imped- 
ance of a gaging element large in comparison to the effective 
alternating-current resistance, the brush-contact resistance has 
a negligible effect on the impedance. For example, consider the 
vector diagram shown in Fig. 6; R, X, and Z are, respectively, 


| | 
| 
i 
if 


impedance of the gage element, including brush and lead 
resistances. Let AR be the change in R due to variations in 
brush-contact resistance. If AR is 1 per cent of the total R, Z 
is changed by 1 per cent for 6 = 0, by 0.65 per cent for @ = 30 
deg, by 0.25 per cent for 6 = 60 deg, and by approximately zero 
per cent for @ = 90 deg. 


Fic. 6 Vector DiaGRam or GAGE ELEMENT 


A value of @ close to 80 deg is obtained by use of laminated 
cores and armatures of very good magnetic properties, the use 
of coils with a large number of turns, and the use of 2000-cycle 
excitation. At 80 deg a 1 per cent change in total resistance 
produces only 0.04 per cent change in impedance. The electric 
circuit used compares impedances independent of phase 
angles. Since an impedance differential of 40 per cent is ob- 
tained at 100 per cent torque, this 0.04 per cent change in im- 
pedance due to 1 per cent resistance change will produce only 
0.1 per cent change in torque reading. The variation in brush 
resistance observed under normal operating conditions is from 1 
to 2 per cent of the total resistance. This small change in brush- 
contact resistance is obtained by using silver slip rings and graph- 
ite brushes. 

Variation in brush resistance was found to increase somewhat 
with increased slip-ring surface speed. While a sharp line cannot 
be drawn as to the limiting speed to be tolerated, it has been 
found desirable to keep the slip-ring peripheral speeds at 80 fps 
or less. 

The action of centrifugal forces on the gage elements is also an 
important consideration. Gage coils and laminations must be 
supported rigidly and strongly: (1) to hold the gages in place 
and (2) to prevent centrifugal forces from displacing the gage 
elements in a manner which would produce a drift in torquemeter 
readings as a function of speed. The particular unit shown in 
Fig. | has been run at speeds over 5000 rpm without encounter- 
ing difficulties from centrifugal effects. A torquemeter of the 
same general type has successfully been run at 8000 rpm. This 
was accomplished by a more rigid gage-element supporting 
structure and by using small slip rings. 


Over-ALL PERFORMANCE 


In general, an accuracy of 1 per cent and a repetitive accuracy 
of 0.5 per cent of full-scale torque can be expected with the elec- 
tromagnetic torquemeter described in this paper. Tests made 
using a cradled dynamometer to calibrate the shaft unit at 
operating speeds show that static calibrations agree so closely 
with dynamic calibrations that only static calibrations are needed. 
A typical calibration curve is shown in Fig. 7. The calibration 
is seen to be very linear except for a slight deviation at full torque. 
When best accuracy is required, corrections obtained from cali- 
bration data should be applied to the torquemeter readings. 
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Fic. 8 Static CALIBRATING STAND 


CALIBRATION 


Fig. 8 shows a static calibrating stand with a shaft unit bolted 
by the attached half-couplings to a fixed plate on one end of the 
calibrating stand and a pivoted torque arm on the other, through 
which a known load is applied by adding standard weights to the 
weight pans hanging from knife-edges at the ends of the arm. 
The knife-edges provide an accurate loading point, and the ball- 
bearing central pivot supports the applied weights and provides 
a nearly frictionless pivot, making it possible to apply an accu- 
rately known torque. Thus very accurate calibrations can be 
obtained. 


APPLICATIONS 


The operation of electromagnetic torquemeters now in prac- 
tical use has proved to be very satisfactory. The torque and 
speed ranges covered by these torquemeters extend from 250 Ib- 
ft at 8000 rpm to 10,000 lb-ft at 400 rpm. These ranges are by 
no means considered as limits for electromagnetic torqueme- 
ters. 

Modern trends in the design of rotating equipment are toward 
lightweight with accompanying high stresses. Therefore it 


becomes not only desirable but essential, in many cases, to know 
just what torque is being delivered through a section of shafting. 
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In addition to the torque instrument reading obtained, the 
torquemeter output may be used with electronic control equip- 
ment for regulating the torque delivered by a rotating shaft. 

Someday torquemeters of one type or another will be stand- 
ard equipment in large aircraft, on ships, and many other places 
where rotating shafts are used to transmit power. For the pres- 
ent, however, torquemeters will likely find their greatest use in 
production-test setups where comparative data are needed to 
standardize a product, or in research and development test 
installations where they can be used to obtain data useful in 
improving the design of a product. 


Discussion 


J. G. Firemine.? It is suggested that the following points 
discussed by the authors might be further clarified: 


1 An accuracy of 1 per cent of full scale is cited in the paper. 
How long can this accuracy be maintained under normal operating 
conditions without rechecking for calibration and zero stability? 

2 What is the speed of response of this instrument? 

3 The application of the electromagnetic torquemeter for 
large-aircraft use is cited in the paper. How compact would the 
instrument be and what would be its approximate weight and 
cost for application with aircraft engines rated at approximately 
1000 hp? 


4 Itis stated that the slip-ring contact resistance is very smal] 
compared to the circuit resistance and that therefore variations 
in slip-ring resistance do not affect the instrument operation. 
Fig. 5 of the paper indicates that the output is fed into a recti- 
fier bridge which operates a galvanometer. The resistance of 
such rectifiers is usually quite Jarge and undoubtedly much lar- 
ger than the slip-ring contact resistance. The resistance of 
rectifiers increases on aging, and it appears that such a change 
would cause a gradual calibration drift. A bridge of this type 
could be operated with a null-balance galvanometer which would 
make the measuring circuit free from changes in resistance in the 
rectifiers. 


N.S. Mourr.* The writer wishes to confirm the authors’ belief 
that the application of electromagnetic principles to the measure- 
ment of torque can provide a very satisfactory method capable 
of wide application in various mechanica] systems. The authors 
may be interested in learning something about a similar appli- 
cation of the electromagnetic principle in a transmission dyna- 
mometer developed at the Royal Aircraft Establishment in 
England about 13 years ago which aimed at giving an accurate 
record of the mean torque transmitted by an aircraft engine to a 
propeller. 

The research which preceded the development and construc- 
tion of this particular torquemeter was initiated by the British 
Air Ministry early in 1930, aiming at the evolution of a satis- 
factory transmission dynamometer for the measurement of en- 
gine power in flight and in the then proposed 24-ft wind tunnel. 
From a critical discussion of the available methods as one would 
employ them in a practical transmission dynamometer, it was 
decided that the variable-air-gap method would provide a basic 
arrangement which would be favorable compared with the 
others, such as piezoelectric crystals, capacity units, resistance- 
pressure elements, etc. 

One of the main features of the electromagnetic system in com- 
mon with that of a capacity unit is that no direct connection need 
exist between the two moving members other than the flexible 


2 The Bristol Company, Waterbury, Conn. 
3 Chief, Engine Development Section, British Supply and Air Com- 
mission, Washington, D.C. 
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element providing the desired relationship between force and 
deflection. The line of attack chosen therefore for the research 
was the construction of a torquemeter in which the angular de- 
flection of a spring element inserted in the drive between an 
engine and airscrew would be measured by electrical means, 
using variable air gaps. Thus we had two of the time-honored 
foundations for the transmission dynamometer design being 
remolded and combined in the light of modern knowledge of the 
application of scientific principles and the use of new materials. 
The basis of the electrical system chosen was attributable to 
Ford and may be described briefly as one in which the electro- 
motive force (emf) due to change of inductance of a transformer 
secondary coil, consequent upon a change of air gap in an 
adjacent iron circuit forming the core, is balanced by an equal 
and opposite emf generated in a remotely situated receiver having 
a similar circuit operated by hand. 

In the torquemeter being described, the deflection of the spring 
element was arranged to vary the air gaps in the system specially 
developed for the purpose, and an electrica] balance was obtained 
by means of a micrometer-screw device on the receiver; the 
balanced position of the air gaps being read off a scale attached 
to the screw as in the Ford torsion meter, The null-reading 
condition of electrical balance is indicated by a moving-coil 
current-measuring instrument of adequate sensitivity. When 
forced torsional oscillations are present in the drive, the air gaps 
vary cyclically about the mean value, and the true mean deflec- 
tion is still readable in terms of electrical balance of the moving- 
coil instrument, the mechanism of which is then suitably damped. 

In the earlier air-gap instruments of Denny, Ford, and Moullin, 
the systems were energized from small alternators or by inter- 
rupted direct current of relatively low frequency. This latest 
unit to which reference is made is fed from a special 1500-cycle 
alternator designed to have a purely sinusoidal voltage output. 
The high frequency is essential] to dea) with the presence of torque 
oscillations in the airscrew drives in aero engines up to about 200 
per sec, so that integration of the torque variation may be suffi- 
ciently accurate. 

The basic design, for our first torquemeter was completed 
in March, 1930, and the apparatus was ready for calibration in 
May, 1931. Preliminary experience was gained with this first 
unit, covering some 70 or 80 hr running on the test bench on a 
Jupiter VII supercharged direct-drive engine and using the 
Froude brake as the criterion of torque. At constant speeds, 
accuracy within 0.3 per cent was obtained, while over a range of 
speeds the greatest error was within 2 per cent. The appa- 
ratus was then transferred to an aircraft and successful use in flight 
was achieved. Special*apparatus was provided to obtain an 
accurate measure of the rotational speed of the engine, since the 
computation of horsepower depends upon the product of speed 
and torque. 

A second unit was provided primarily for use in the then 
proposed 24-ft wind tunnel at Farnborough to enable full-scale 
testing of propellers to be carried out. In this case the spring 
element took the form of a one-piece wheel in which the rim, 
spokes, and hub were carved out of a solid disk of about 18 to 20 
in. diam and was capable, in conjunction with the electrical! 
system, of giving readings of torque over a wide range from one- 
quarter to full torque of engines up to about 1000 hp. 

It will be appreciated that the null-reading electrical system 
chosen is not the same as that described in the paper just pre- 
sented, which uses an electrical system on the lines of that used 
by Moullin, where the output of an alternator or 2000-cycle 
oscillator is modulated by the torquemeter coils to give a direct 
rectified indication of torque. At an early stage of our investiga- 


tion it was found essential to have an especially accurate appara- 
tus for carrying out static-torque calibrations, and a tackle was 
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specially designed for the purpose, which permitted the rolling 
load of a beam system to impose pure torques on the shaft carry- 
ing the torquemeter so that positive and negative torques could 
be smoothly applied according to the direction of motion of the 
load from the central position of no torque. The apparatus has 
ball bearings at every moving joint and is extremely delicate in 
its operation; torques of only 2 or 3 lb-in. being accurately 
obtained. 

Limit stops were provided on the spring element which per- 
mitted a range of torque of from 60,000 lb-in. to approximately 
—12,000 lb-in. and some idea of the accuracy of the spring element 
in maintaining its zero at no torque is given by the fact that 
after taking the spring through several cycles of stress on the 
torque loading elements previously mentioned to remove any 
slight hysteresis in the material and then determine its zero 
setting, it returned after subsequent cycles of stress to this zero 
position within 1/40,000 in. at 9.625 in. radius. This radius 
refers to the position of a dial-gage reading to 1/10,000 in. which 
was attached in such a way as to record this circumferential de- 
flection of the spring as it deflected. This dynamometer was 
used satisfactorily in large 24-ft wind tunnel at Farnborough 
for the measurement of torque in full-scale propellers. 

Many applications of such a system can be made, and a dyna- 
mometer of this type lends itself to use either as a transmission 
coupling or as a static unit mounted in conjunction with aero- 
engine reduction gears or in any position where the torque to be 
measured reacts on a stationary member. From the writer’s 
experience with this torquemeter, assurance can be given to the 
authors that their application is well worth development along 
the lines which they propose and for the applications which they 
mention. The writer’s opinion, however, is that a null-reading 
system is much more likely to give enhanced accuracy than the 
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use merely of the output from an unbalanced coil system. One 
important feature which must not be overlooked is, as previously 
stated, the accurate calibration of the spring element whether it 
be a piece of shaft or actual springs. This, in fact, is particularly 
‘important where in measurement on ship’s propeller shafts a 
relatively long length of shaft is chosen. The writer agrees with 
the authors’ attention to the slip rings and brushes used in the 
system. In the British torquemeter which the writer has just 
described, we have recently redesigned the recording circuit so as 
to eliminate completely any errors arising from faulty slip-ring 
contacts. 


AuTHOR’s CLOSURE 


Mr. Fleming brings up several points which will be discussed 
briefly in order. 


(1) The electromagnetic torquemeter described should main- 
tain its calibration. However, the zero adjustment may have to 
be made occasionally and should be checked whenever possible. 

(2) The speed of response is limited by the indicating instru- 
ment and is approximetely two seconds. A magnetic oscillo- 
graph may be used in place of the indicating instrument to record 
rapid torque variations up to several hundred cycles per second. 

(3) The electromagnetic torquemeters described in the paper 
are not suitable for general flight applications on aircraft engines. 

(4) The resistance of the rectifier section is approximately 
20 ohms which is small in the light of the several hundred ohm 
gage circuit impedances. The advantages of a null system are 
recognized and are frequently put to good use. A continuous 
indicating system has the advantage of convenience over a null 
system where the balancing must be done manually. Accurate 
automatic null balancing systems are available. 
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Taking the Mystery Out of the Kadenacy 
Svstem of Scavenging Diesel Engines 


By P. H. SCHWEITZER,' C. W. VAN OVERBEKE,? ann L. MANSON? 


The ‘‘Kadenacy effect’’ of the Diesel-e: - 140 


gine exhaust is utilized to create a vacuum 
in the cylinder for introducing the fresh 


charge. The result of the application of 1m 


24 


this system is exemplified in tests in 1959, 
of a converted Junkers opposed-piston en- 
gine in which the power was raised from 
li to 25 hp, or an increase of 130 per cent. /00 


This was accomplished solely by changing 
the characteristics of the inlet and ex- 
haust ports and passages in accordance 


with the Kadenacy patents. However, 
the theory expounded by the inventor has 
been subject to question, as the authors 
explain, and while the results are entirely 


matters of record, the phenomenon can 
be accounted for by conventional ther- 
modynamics based upon simple adiabatic 
expansion. This fact the authors have 
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& 


demonstrated by experiment. The for- 
mulas derived check closely with those of 
Kadenacy but they are based upon a more 


vé 


pre 


rational approach to the problem than 
Kadenacy’s contention that supersonic 
velocities are involved in the exhaust proc- 
ess. 


URING the last few years the Ka- 

denacy system of scavenging Diesel Fic. 1 

engines has attracted some attention in 
this country and more abroad. That system is 
best known in the form of a blowerless two-stroke-cycle engine. 
The ‘‘Kadenacy effect’’ of the exhaust is utilized to create a vac- 
uum in the cylinder for introducing the fresh charge. That by 
itself would not be remarkable if we were to attribute the effect 
to a tuned exhaust pipe. The Kadenacy system, however, em- 
braces more than that. In numerous patents (1)‘an ever-recurring 
sentence is that “at least a substantial portion of the burnt gases 
leaves the cylinder at a speed much higher than that obtaining 
when a flow resulting from an adiabatic expansion only is in- 
volved, and in such a short interval of time that it is discharged as 
a mass, leaving a depression behind it which is utilized in intro- 
ducing a fresh charge into the cylinder, etc.” This has been 
quoted from U. S. Patent 2,168,528. Kadenacy’s other patents 
include various versions of the same statement and explain that 
mass means a “‘coherent mass” (Patent No. 2,123,569), “having 
properties similar to those of a resilient body’ (Patent No. 

1 Professor of Engineering Research, Pennsylvania State College, 
State College, Pa. Mem. A.S.M.E. 

? Ex-Cell-O Corporation, Detroit, Mich. 

§ DeLaval Steam Turbine Company, Trenton, N. J. 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Oil and Gas Power Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of 
Tue AMERICAN SocteTy oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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2,102,559), and that the “ballistic”? speeds involved in the 
evacuation are about 4 times higher than ‘‘the speed of adiabatic 
expansion,”’ leaving behind them ‘‘a high depression which may 
reach a complete vacuum” (Patent No. 2,131,957). 

The foregoing notions are so unorthodox that many engineers 
ignored and even ridiculed them. But it is not wise to ignore 
test results and Kadenacy has astonishing results to his credit. 

The first commercial blowerless Kadenacy engine was built by 
Petter (2), and the same company is still building Kadenacy-type 
engines of an improved design (3); however, with a blower 
attached. 

According to tests (4), described in 1939, the conversion of a 
Junkers opposed-piston engine resulted in a substantial increase 
of power. Some test results are reproduced in Fig. 1. The 
maximum power was raised from about 11 to 25 hp, an increase of 
130 per cent. This is claimed to have been obtained without any 
alteration to the combustion chamber or fuel-injection equipment, 
solely by changing the characteristics of the inlet and exhaust 
ports and passages, in accordance with the Kadenacy patents. 
The scavenge pump was rendered inoperative and the inlet ports, 
which were still controlled by the upper piston, were arranged so 
that they communicated directly with the atmosphere. With 
the Kadenacy system fitted to the engine it was possible to 
run the engine to a much higher speed without any ill effects, it is 
claimed. The pistons remained in a cooler condition, the maxi- 
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of either uniflow or the cross-scavenge type gave 
similar results, although not quite as spectacular 


| 
| 


as those shown in Fig. 1. Some engines fitted with 
the Kadenacy system had blowers and others had 


none. When a blower was used the scavenge-air 
pressure was considerably less, and significantly 


it decreased when the load increased. In the 


original engine the scavenging pressure increased 
with the load. The difference is explained by the 
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Cylinder pressure, 1b per sq 
ox 


fact that with the Kadenacy system as the load be- 
comes greater the energy in the exhaust also becomes 
greater and with it the suction effect in the cylin- 
der, thus reducing the resistance to the delivery of 
the air from the blower. Converted engines con- 
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sistently showed appreciable power increase with 
lower specific fuel consumption and lower exhaust 
temperatures. 
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The mechanics of the Kadenacy principle were 
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Fig. PRESSURES IN THE JUNKERS-KADENACY OPPosED- 


Piston ENGINE 
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mum pressures were lower and the specific fuel consumption also 
was lower. 

Fig. 2 shows the cylinder pressures in the Kadenacy-Junkers 
engine operating without scavenging air pump. It is notable 
that a depression over 1 psi below atmospheric occurred in the 
cylinder 50 deg after the exhaust ports had 


investigated by Davies (5) with a free-moving piston 
in a cylinder. He compressed a mixture of air and 
gasoline vapor with a hand crank and ignited it 
with a spark plug. The gas pressure sent the pis- 
ton downward until it uncovered a slot through which the 
burnt gases discharged into the atmosphere. This sudden dis- 
charge caused so great a depression in the cylinder that the free 
piston rose in the cylinder and came to rest at about two thirds of 
its upward travel. With photoelectric apparatus, Davies re- 
corded the piston travel and showed that the entire process was 
completed in a very short time. With a cylinder of 2.4 in. bore 
and 2.2 in. effective stroke the exhaust process lasted only 3.2 
milliseconds and the residual depression was 17 in. Hg abs. Ex- 
periments with various lengths of exhaust pipes showed that the 
resulting depression and the time during which the exhaust slot 
remained uncovered were largely unaffected by the exhaust pipe. 
For instance, when the exhaust-pipe length was changed from 7.5 
to 53 in., the duration of the exhaust period changed only about 
6 per cent. The gas flow in the exhaust pipe was shown by high- 
speed photography of a lightweight ‘‘cursor” in a glass exhaust 
pipe. This revealed a very rapid back-and-forth movement of 
the gas column, 

While the results obtained with the Kadenacy system are fully 
discussed in the literature, the constructional details are pot dis- 
closed. One or more of the expedients shown in the patent draw- 
ings such as tapered exhaust pipes and reflection-wave stoppers 
might have been employed to obtain the excellent results but 
apparently no particular importance is attached to them. 

In view of these reports, the authors felt a necessity to de- 


opened. 
Fig. 3 shows the pressures in the intake 


and exhaust ducts of the converted Junkers 


engine from which it is seen that pressure 
changes are transmitted from the exhaust 


ducts to the intake ducts without apprecia- 


ble delay. Tests at 800 rpm with various 


lengths of exhaust pipes gave Fig. 4 which 
shows that the Kadenacy effect does not de- 


pend upon a particular pipe length, only the 


time of maximum depression was retarded 
when the exhaust-pipe length was increased. 


We have dwelt on this Kadenacy-Junkers 


engine because part of the tests reported 
were made by such an unquestioned author- 
ity as Prof. 8. J. Davies of London, England. 

Conversions of other two-stroke engines 
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Fic.4 Pressures1n Exnavst Pipe or JuNKeRs-KapDENACY ENGINE WITH VARIOUS 
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termine in a conclusive manner whether the so-called Kadenacy 
effect really exists, aside from the pipe effect the nature of which 
is fairly well known (6). 


INVESTIGATION OF THE KADENACY EFFECT 


Kadenacy claims that upon opening the exhaust port the gas 
leaving the cylinder with a very high (supersonic) velocity will 
evacuate it, leaving a partial or complete void behind, irrespective 
of whether a pipe is attached to the cylinder or not. 

The depression thus created in a cylinder, no matter how short 
in duration, can be measured and no combustion needs to be in- 
volved in the test. 

In order to measure the depression following a sudden gas out- 
flow, a special setup was built at The Pennsylvania State College. 
It consists of a steel cylinder, Fig. 5, closed by a lid locked with a 
quick-acting latch. Thus lid is forced open by the initial cylinder 
pressure when the latch is released. Orifices of different di- 
ameters or nozzles were fixed at the lid end of the cylinder. A 
pickup for determining the lowest pressure reached in the cylin- 
der during the exhaust was fixed at the closed end of the 
cylinder. This pickup consists of a brass diaphragm of 21/, in. 
diam and 0.025 in. thick, exposed to the cylinder pressure on one 
side, and to an adjustable depression on the other. The dia- 
phragm opens an electric contact when the pressure in the cylinder 
drops below the adjusted depression; the contact is inserted in a 
6-volt circuit in series with a transformer coil. A neon lamp is 
placed in series with the secondary winding of the transformer. 
This gives a flash when the primary circuit opens. 

The depressions have been measured for different orifice di- 
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ameters and different initial tank pressures. The results are 
shown in Fig. 6 where the maximum depression after the gases 
have rushed out of the cylinder, are plotted against the cylinder 
gage pressure before the cylinder was opened. With the 6-in. 
orifice there was in effect no plate, as the cylinder was wide 
open. One curve corresponds to the use of a convergent-diver- 
gent nozzle with 2-in. throat diameter and 3'/,-in. length. The 
opening on the pressure side was 41/2 in. and convergence took 
place for 2 in. Over the remaining 1'/, in. the nozzle diverged 
uniformly at an angle of 15 deg. 

The experiments show that the depression, although far from 
a complete void, is great enough to account for the results on two- 
stroke Diesel engines applying Kadenacy’s patents. 


THEORY OF THE KADENACY EFFECT 


Various explanations of the Kadenacy effect have been pub- 
lished. Giffen (7) calculated the pressure waves generated by 
the sudden evacuation of a cylindrical vessel and obtained de- 
pressions of the order that we have observed. His calculations 
even showed that with an orifice appreciably smaller than the 
cylinder the depression does not increase continuously with the in- 
crease of the initial cylinder pressure but it reaches a maximum 
when the initial cylinder pressure is around 20 psia, and if it ex- 
ceeds that, the depression begins to decrease. This agrees with 
our observations with orifices and nozzles of 3 in. diam or smaller. 

Geyer (8) proposed a rather simple theory of the Kadenacy 
effect. He attributes the evacuation of the cylinder to the 
kinetic energy of the gases still in the cylinder, yet rushing out of 
the cylinder. 

It is not improbable that Geyer got the idea for his theory 
from Kadenacy himself. For instance, in U. S. Patent No. 
2,123,569, Kadenacy is using the analogy of a coil spring to 
explain what happens in the cylinder. He visualizes a helicai 
spring on a table compressed, with a certain amount of energy 
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stored in it. If the spring is released gradually by allowing it to 
expand against a resistance, it will return to its free length. 
The work done by the spring will then become stored in the 
resistance. This, he states, corresponds to the release of com- 
pressed gases from a container through an orifice which is opencd 
gradually. 

On the other hand, if the spring, after having been compressed 
on the table, is released suddenly by removing the compressing 
means in a short interval of time, the spring while expanding will 
leave the table bodily. The energy stored in the spring imparts 
momentum to the spring. During its flight through the ai 
after it has left the table, oscillations will occur in the spring but 
these oscillations will bear no direct relation with the motion of 
the spring body from the table. This case corresponds to the 
sudden release of the gas from the cylinder according to Kadenacy. 

Geyer goes through a somewhat similar reasoning. The po- 
tential energy of the compressed gas is transformed into kinetic 
energy. The gas will leave the cylinder with a velocity that cor- 
responds to this energy. At the time the pressure inside of the 
cylinder has dropped to atmospheric, the gas in the cylinder still 
has some kinetic energy, which will perform work against the 
atmospheric pressure. This work consists of displacing a certain 
volume of air against ambient pressure. The equivalent volume 
of air to replace the volume must come from the cylinder, and so a 
depression is created by the discharge of that amount of air. 

Geyer’s simple theory can have no pretension of describing ac- 
curately such a complex phenomenon as the sudden evacuation 
of a cylinder. Yet it not only gives a correct mental picture of 
the mechanism of the Kadenacy effect but surprisingly it even 
gives tolerable agreement with observed results. Geyer has ap- 
plied his calculations to Davies’ experiments (8), and we to the 
Penn State experiments (9), which are shown in Fig. 7. 

In Fig. 8 is reproduced a comparison of the observed and cal- 
culated depressions when the sudden removal of the lid un- 
covered the full cylinder opening. With smaller orifices the ob- 
served depressions are higher than those calculated. 


BALLISTIC VELOCITIES 


A recurrent statement in most Kadenacy patents is that the 
burnt gases discharge through the exhaust ports at a speed far 
in excess of the speed of adiabatic expansion. Patent No. 
2,123,569 gives the ‘“‘speed of adiabatic expansion”’ as 350 to 450 
m per sec, and gives the “ballistic speed” of exhaust due to the 
‘ballistic force” as 1400 to 1800 m per sec, that is about 4 times as 
high. 

The velocity of sound in a diatomic gas of a temperature about 
equal to that of the exhaust gases is as a matter of fact 350 to 450 
mpersec. Inastraight or convergent orifice this is also the upper 
limit of discharge velocity of the gas. 

The authors were unable to find out where figures of 1400 to 
1800 m per sec had been obtained. But Kadancy uses these 
figures in porting design and obtains good results. This may be 
an indirect proof that his figures are correct. Let us examine this 
evidence. 

Since the pressure in the cylinder when the exhaust port opens 
is about 5 atm, Kadenacy reasons, 4 volumes of exhaust gases 
have to be discharged to bring the pressure down to atmospheric 
during the blowdown period. It takes, he states, as much time to 
discharge 4 cylinder volumes of gas at 1800 m per sec velocity as 
one volume of gas at '/, X 1800 = 450 m per sec velocity. 
Therefore he envisages the “hypothetical velocity” of 450 m per 
sec and designs his exhaust ports in such a manner that the gas 
column which projects through the exhaust port during the ex- 
haust-lead period with the hypothetical velocity of 450 m per sec, 
is just equal to 1 cylinder volume. If V denotes this volume in 
cubic meters, A,, the mean uncovered exhaust-port area during 
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the exhaust lead (blowdown period) in square meters, and L the 
length of the hypothetical gas column in meters, then 


L 
where ¢ is the time of the blowdown period in seconds, and 
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Here a is the exhaust lead in degrees and n is the engine speed in 
revolutions per minute. 
From Equations [1], [2], and [3] 


On 
Putting Viy, = 450 and rearranging, we get 
6 4 


This is Kadenacy’s reasoning, and the resulting formula is 
identical with Kadenacy’s formula Patent No. 2,144,065 
a 
100 KA 360 N 
except for the different symbols. 
lead can be calculated. By converting the metric units used in 
Kadenacy’s Equation [5] to square inches we get 
(39.4)? Vn 
a= 
(39.4)? 75 


This is still Kadenacy’s formula in aslightly changed form. On 
the other hand Schweitzer’s formula (10) gives 


From this the proper exhaust 


= 0.00034 Vn 


A,,a@ = 0.00033 


Ignoring the difference between V and V4q,,,, Equation [7] 
differs only 3 per cent from Equation [6]. 

Equation [6] is a consequence of the Kadenacy theory, but 
Equation [7] was derived independently of the Kadenacy theory, 
before we knew of the latter’s existence. The Kadenacy 
theory supposes the existence of “ballistic velocities’? which are 
about 4 times higher than those obtained from adiabatic ex- 
pansion. Equation [7] was derived by conventional thermo- 
dynamics, and the discharge velocities used were substantially 
the same as sound velocities modified by discharge coefficients ob- 
tained by the Nusselt theory. The two theories give practically 
identical results. 

The circumstance that Kadenacy got correct results from in- 
correct premises casts a doubt on Kadenacy’s reasoning. 

We believe Kadenacy’s reasoning to be fallacious and in the 
following we try to show the error in it. 


FaLLacy IN KADENACY THEORY 


Kadenacy states® that instead of applying the true ballistic 
velocity, 1800 m per sec to 4 cylinder volumes of gases to bring 
down the pressure from 5 atm to 1 atm, one may use a hypo- 
thetical velocity of 1800/4 = 450 m per sec to 1 cylinder volume 
and get the same results. We believe this to be a mistake. 
One cylinder volume should be considered and not 4, even if 
the pressure in the cylinder is 5 atm: 

A rough reasoning should suffice to make this clear. Let us 
consider two cases. In one case the density of the gas does not 
vary during the discharge. Before, in, and after the exhaust 
orifice, the density is the same. In this case (which is analogous 
to the discharge of water) if the cylinder volume V contains gas 
at 5 atm pressure and that is discharged through an orifice A 
with 450 m per see discharge velocity, and A = V/450, then at 
the end of 1 see all of the gas will be discharged and not '/; of it 
only. It makes no difference whether the pressure in the 
cylinder was 5, 4, 3, 2, or 1 atm. In every case 450 m per sec 
discharge velocity is required to evacuate the cylinder in 1 see. 
The assumption of a ballistic velocity of 1800 m per sec is un- 
justified. 


* U.S. Patent No. 2,123,569, p. 4, lines 33-62. 


Let us next consider the change in gas density. The discharge 
velocity refers to the throat of the orifice, and the specific weight 
to be considered is the one existing in the throat. 

Calculation by conventional thermodynamics shows that the 
specific weight in the throat is approximately 0.78 kg per cu m in 
the beginning of the blowdown and drops gradually to approxi- 
mately 0.4 kg per cu m at the end. Assuming a constant dis- 
charge velocity of 450 m per sec and a constant exhaust orifice of 
Am? during the t see of the blowdown period, we shall discharge 


3 0.4 
450 “ae A kg of air 


If, conforming to Kadenacy, we make A = V/450, where V is 
the total cylinder volume, the amount discharged will be 


D = 0.59 V kg 


while the amount that has to be discharged to drop the pressure 
from 5 atm to 1 atm is 


4 
D, = = Ving = 0.8 V 0.73 = 0.585 V kg 


It is seen that D approximately equals D,, which means the ex- 
haust can be disposed of in the required time period, assuming 
only sound velocity and no supersonic or ballistic velocity is 
required. 

We conclude that while the value of Kadenacy’s hypothetical 
velocity is sound and should give good results if applied to port- 
ing design, it in no way supports the existence of ballistic veloci- 
ties in excess of sound velocities. 

A further confirmation of this conclusion can be found in cal- 
culating from Geyer’s theory the outflow velocities created by the 
sudden opening of an air-filled vessel. Fig. 9 shows these veloci- 
ties, and for comparison, also the calculated sound velocities for 
various temperatures. For the detailed calculation the reader is 


1200 F 


/000 


| | | 
/ | OUTFLOW VELOCITY a+, OPEN CYLINDER 
600 |-4 #- —+ 


-] 


\.OUTFLOW VELOCITY a+ 00, ZERO ORIFICE AREA 


| | | 


OUTFLOW VELOC/TY, FT PER SEC AT 80°F 


400 
| | 
| 
| | | 
200 
} 
| | 
(a) 
/ 3 9 “ 


7 
CHAMBER PRESSURE / ATMOSPHERIC PRESSURE 
9 OvurrLow CREATED BY SupDEN OPENING OF 
Vesset Fittep WitH Arr, From GreyYer’s THEORY 


| | 00 
750 
| 
° 
50°F 
/ 
SOUND VELOCITY 
| 
800 |} —____ + -____ 
= 


734 


referred to (9). An inspection of Fig. 9 reveals that with 5 to 7 
atm chamber pressure the outflow velocities do not differ much 
from the sound velocities. 


CONCLUSIONS 


1 The astonishing performance claimed by Kadenacy engines 
should not be rejected as incredible as the effect is based upon 
a demonstrable physical phenomenon; the rarefaction that 
follows the sudden discharge of compressed gas from a closed 
vessel, 

2 The Kadenacy effect is not due solely to the inertia of the 
gas column in the exhaust pipe, as 10 in. Hg depression was ob- 
served by the authors in a vessel without any exhaust pipe, and 
reported results show good performance in engines with varying 
lengths of exhaust pipes. 

3 The Kadenacy effect vanishes if the discharge opening be- 
comes relatively small. One inference is that an obstacle of the 
full exploitation of the Kadenacy effect is that exhaust ports or 
valves in engines cannot be opened rapidly enough. 

4 Geyer’s theory seems to give a fair picture of the mechanics 
of the Kadenacy effect and excellent numerical agreement in 
case of a large discharge opening. 

5 Nothing in our observations supports Kadenacy’s conten- 
tion that velocities in excess of sound velocities are involved in 
the exhaust process. Conventional thermodynamics based upon 
simple adiabatic expansion gave formulas practically identical 
with those recommended by Kadenacy, and Geyer’s theory 
applied to our experiments also successfully indicated discharge 
velocities of the order of sound velocities and no higher. 
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Discussion 


Pau. Diserens.* The authors’ discussion of the Kadenacy 
effect is particularly timely in view of the development of two- 
cycle engines, sponsored by Mr. Kadenacy, on the part of several 
American manufacturers at this time. 

It would appear that the paper is, in effect, a continuation of 
the extended discussion of the Kadenacy engine which was re- 
ported in the British and the Continental technical press during 
the years 1938 to 1941, inclusive. While the authors make some 
reference to the numerous articles published at that time, it 
might be suggested that a bibliography comprising the more 
important references would constitute a valuable addition to the 
paper. 

The writer finds it of particular interest to compare the ap- 
paratus used by the authors in their experiments, with that em- 
ployed by Prof. S. J. Davies, of Kings College, University of 
London.’ 

It should be noted that in the Davies apparatus provision is 
made to insure the greatest possible speed in establishing com- 
munication between the pressure vessel and the atmosphere. In 
the apparatus used by the authors the speed of opening is limited 
because of the time required to accelerate the communicating 
valve. 

It is evident that the results reported in the paper reflect the 
influence attributable to the speed of opening and therefore the re- 
sults might conceivably be quite different if some other speed 
had been employed. Consequently, conclusion 3, i.e., ‘The 
Kadenacy effect vanishes if the discharge opening becomes rela- 
tively small.” One inference that full advantage cannot be 
taken of the Kadenacy effect because “exhaust ports or valves 
cannot be opened rapidly enough,” cannot be valid except when 
the exhaust-valve acceleration at the time of opening is low or at 
best comparable with that which obtained during the authors’ 
experiments. For this reason it would appear that their results 
cannot properly be used as the basis for any general theory to 
explain the phenomena and should not be quoted as confirming 
such a theory based on pure speculation. 

The authors assert that the hypothetical assumed average 
speed of 450 m per sec is derived from some preconceived 
theory of operation, and quote from various Kadenacy patent 
specifications in support of this assumption. This does not con- 
form to my understanding of the Kadenacy patents. From a 
complete study of all of these it is obvious that the structures 
covered by the patents rest entirely upon experimental data from 
which empiric relationships are established. Obviously, variable 
coefficients must be determined in order to take care of such vari- 
able conditions as, for example, speed of opening of the ex- 
haust valve. 

An experimental engine, built by the company with which the 
writer is associated, develops mean effective pressures of more 
than 100 psi without a blower. Analysis of the exhaust gas, 
as well as direct measurements indicates that the volume of 
air passing through an engine exceeds the displacement by 60 
per cent, 


¢ Director of Research and Development, Worthington Pump and 
Machinery Corporation, Harrison, N. J. Fellow A.S.M.E. 

7“Sudden Discharge of Air From a Pressure Vessel,” by 8S. J. 
Davies, Engineering, vol. 149, 1940, pp. 17-18. 
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An Analysis of Intercooled Supercharging 


By RALPH H. MILLER,’ MILWAUKEE, WIS. 


In this and in an earlier paper,’ the author analyzes the 
internal-combustion engine as a heat engine. He finds 
that with present-day materials, the output of the in- 
ternal-combustion engine is limited by the temperatures 
reached in the internal surfaces and not by lack of air to 
sustain combustion. A method is developed by which the 
output capacity of four-cycle engines may be increased by 
more than 100 per cent without exceeding practical and 
previously established temperatures of internal surfaces. 


intercooled supercharging in a rating graph which is re- 
produced in Fig. 1, herewith. 

Curve A in the graph shows that with standard supercharging 
without air cooling 133 per cent of the mean indicated pressure 
(mip) is carried at 4 psi pressure with the same cycle mean tem- 
perature. This represents a gain of 36 per cent in brake mean 
effective pressure (bmep). Since that paper was presented a 
series of tests has been conducted to check the theories presented 
therein. 

Efforts were made to correlate calculated cycle mean tempera- 
tures and the surface temperatures of the internal walls, which 
are obviously what affect the engine parts and not the tempera- 
ture of the gases. 

An engine operating at 600 rpm, and another engine tested 
at 327 and 360 rpm were used in these tests. Equipment was in- 
stalled to measure the heat flow to the cooling-water jackets with 
great accuracy. Means were also installed for controlling the 
air-intake temperature to the blower or the engine manifold. 

The cooling-water mean temperature was kept at 155 F and the 
rate of circulation maintained constant for all loads and speeds. 

The formula for rate of heat transmission 


I’ a previous paper,? the author summed up his analysis of 


dq = U X dA (t§ — &) 


Btu per unit of time 

area 

over-all conductance of wall per unit of time 
temperature of internal hot surface 
temperature of cooling water 


permits us to conclude that the internal-wall temperature ¢, is 
unchanged when, in any given engine, changes are made in mani- 
fold pressure or temperature or combustion efficiency, but the 
load is adjusted so that dq remains constant. 

The rate of heat flow to the cooling water (liners and cylinder 


heads) is plotted in Fig. 2 for the 600-rpm engine. Curve 1 
shows the naturally aspirated engine from 58 to 85 bmep. Curve 
2 is the engine supercharged with the Buchi system with two ex- 


1 Chief Engineer, Four Cycle Diesel Division, Nordberg Manufac- 
turing Company. Mem. A.S.M.E. 

? “Rating Supercharged Engines on the Basis of the Mean Tem- 
perature of the Cycle,” by Ralph Miller, Trans. A.S.M.E., vol. 65, 
1943, pp. 685-696. 

Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., November 26-29, 1945, of 
Tue AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Norge: Statements and opinions advanced in papers are to be 
pry mrs as individual expressions of their authors and not those of 

ety. 


haust pipes to the turbine. Curve 3 is the same as curve 2 but 
with intercooling to 90 deg F in the air-inlet manifold. 

The naturally aspirated engine is rated at 80 bmep. The heat 
flow to the cooling water (dq) is 12,000 Btu per min at this load. 
When the engine is operated supercharged with the Buchi system, 
a heat flow of 12,000 Btu is reached at a load of 102 bmep. Curve 
1 in Fig. 3 shows a supercharging pressure of 6.7 in. Hg (3.3 psi) 
at 102 bmep. 

The theoretical rating curve, Fig. 1, shows that on the basis of 
equal cycle mean temperature of the gases, a rating of 131 per 
cent of the naturally aspirated indicated rating should be carried 
at 3.3 lb supercharging pressure. 


TIRATING AT CONSTANT OR 
MEAN TEMPERATURE 
TITJA-BUCHI SUPERCHARGED 
SUPERCHARGED 
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Assuming a friction mean effective pressure (mep) of 20 psi at 
80 bmep and that it increases with the square root of the bmep 
the mip at 12,000 Btu per min is as follows: 


—Mip from— 

Fig.2 Fig. 1 

Naturally aspirated, 80 + 20 =................ 100 100 

102 

Buchi supercharged, 102 + (20 x um) =... 125 131 

Buchi supercharged intercooled, 123 + 
(20 x = 148 158 


This shows a difference of 41/2 per cent in the noncooled and 
6!/. per cent in the intercooled ratings between mip calculated 
from cycle mean temperatures and actual tests, recording heat 
flow to cooling water. 

This discrepancy is probably caused by increased after- 
burning and diminishing expansion coefficient with the later 
cutoff when supercharging. The same cause brings about the 
nonparallelism of the curves 1 and 2, that is, the combustion 
efficiency falls off at a faster rate in the nonsupercharged than 
in the supercharged engine. 

In Fig. 4 the rate of heat flow to the cooling water is plotted 


16000 
t 
15000 
Hot 
(4000/7 
13 + 
12000 3 
11000 
whit 
+t 
10000 
2000 
384 327 RPM 
1&3 NON SUPERCHARGED 
284 BUCH! SUPERCHARGED 
Ht NO INTERCOOLING 
sus 


60 90 100 no 120 130 


versus bmep. Curves 1 and 2 show the heat flow nonsuper- 
charged and supercharged at 360 rpm. Curves 3 and 4 are 
plotted for 327 rpm, nonsupercharged and supercharged. 

If a heat-flow rate of 10,000 Btu per min is taken as a maximum 
for full load the bmep ratings will be as follows: 


Nonsupercharged oil Diesel, psi.............. 82 77 
Buchi supercharged oil Diesel, psi............ 103 93 


The low bmep of this engine when supercharged would seem to 
be due to insufficient scavenging. 


INTERCOOLED SUPERCHARGING 


At 4 lb supercharging pressure the bmep can be increased be- 
tween 21 and 26 psi at the same heat flow to the cooling water 
when the supercharging air in the inlet manifold is cooled to the 
air temperature at the blower intake. 

The graphs in Fig. 5 show manifold temperature versus bmep 
developed by the high-speed engine at two different rates of heat 
flow to the cooling water, namely, 10,000 and 12,000 Btu per min. 
Selecting for an example, the test point at 126 F manifold tem- 
perature and 105 bmep with a heat flow of 12,000 Btu per min, 
a cycle mean temperature of 1262 deg R is calculated as follows: 
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Mip = 
P, = 


105 + (0 + = 128 
‘ 80 


supercharging pressure; nonintercooled line, Fig. 3 = 
3.45 psig 

Cutoff for 128 mip and 3.45 psi, Fig.6 = 

Ratio T’m/T, for cutoff 14.18, Fig.7 = 


14.18 

1.92 

T, = 126 + 460 + t. = (Equation [9], reference 2) = 657 deg R 
Tm = 1.92 X 657 = 1262 deg R 


The 10,000-Btu line shows a manifold temperature of 82 deg F 
at the same load. The initial temperature and the cycle mean 
temperature at this point are then 


T; 657 — (126 — 82) 613 deg R 
Tm = 613 X 1908 1170 deg R 


(The supercharging pressure P; has dropped from 3.45 to 3.3, 
Fig. 3, so that the 7’m/T; ratio changes from 1.92 to 1.908.) 

Reducing the manifold temperature from 126 to 82 deg F has 
reduced the cycle mean temperature from 1262 to 1170 deg R, 
and the heat flow to the cooling water from 12,000 to 10,000 
Btu per min. We then have 


12,000 / 1262 
10,000 \1170 


In other words, when the manifold temperature is reduced the 
heat flow to the cooling water, and therefore the internal wall 
temperature, decreases with the power of 2.4 of the cycle 
mean temperature. ‘ 

Now, when the load is increased from C to D at 82 deg F 
manifold temperature to the point where the heat flow to the 
cooling water is again 12,000 Btu per min, it is seen that heat 
flow increases with approximately the same power of the cycle 
mean temperature, as follows: 

At point C on the 10,000-Btu line, we have 


where n = 2.4. 


T, = 90+ 460 + 71.5 = 621.5degR 
P, = supercharging pressure (from Fig. 3) = 3.1 psig 
Mip = 101 + 22.5 = 123.5 psi 
Ratio Tm/T; (from Fig. 6) = 1.90 
Then 
Tm = 621.5 X19 = 1180 


Point D on the 12,000-Btu line and 90 deg F air temperature 
reads 123 bmep; then 


Mip = 123 + 25 = 148 psi 
P, (from Fig. 3) = 4.2 psig 


. 
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T, = ® + 460 + 70.5 = 620.5 deg R 
Ratio Tm/T, = 2.04 
Tm = 620.5 X 2.04 = 1265 
The cycle mean temperature has increased from 1180 to 1265 deg 
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R, and the heat flow from 10,000 to 12,000 Btu per min, and we 
have 


12,000 _ 
10,000 


1265 
1180 
where n = 2.6. 

This proves that when the air-intake temperature is changed 
the load may be adjusted along the line of constant calculated 
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cycle mean temperature. This loading will maintain the internal 
temperatures constant as indicated by the rate of heat dissipation 
to the cooling water. 

The constant heat-flow curves in Fig. 5 will show an increase in 
initial compression pressure with increase in load which is char- 
acteristic of turbocharged engines. In Fig. 8 constant cycle tem- 
perature lines have been plotted against atmospheric intake 
temperature and mip for constant manifold pressures; 90 deg F 
is taken as standard and the point of rating. Curves 1 and 2 are for 
nonsupercharged and curves 3 and 4 for a supercharged engine. 
Curves 2 and 4 show the ratings which would be obtained by the 
conventional method which assumes that the mip is inversely 
proportional to the absolute temperature, or directly to the air 
density. This method does not derate sufficiently for tempera- 
ture increases. Thus if an engine is operating with 115 deg F 
intake temperature, which is not unusual, it suffers a loss of 
8'/, per cent in load capacity. Conversely, when the tempera- 
ture is decreased the load-carrying capacity increases at a rate 
faster than the air density. 


CoNsuMPTION 


Table 1 summarizes data from a nonsupercharged, two non- 
cooled, and three intercooled Buchi supercharged tests. 

Although the theoretical cycle thermal efficiency is unaffected 
by the initial compression temperature,’ these test results show 
an increase from 34.2 to 35 per cent brake thermal efficiency when 
cooling the intake air to 90 deg F, at 120 bmep. The fuel con- 
sumption is reduced from 0.377 to 0.371 lb per bhp per hr. The 
heat flow to cooling water drops from 14,500 to 11,700 Btu per 
min, and the calculated cycle mean temperature from 1365 to 
1270 deg R. 

When the bmep is increased from 105 to 126 along the 12,300- 
Btu per min heat-flow line in Fig. 2, the fuel consumption drops 
to 0.37 lb per bhp per hr, Fig. 9. 

The lowest rate of heat flow to the cooling water is 11.15 per 
cent of the total heat at 147 bmep. 

It will be noticed that the excess air is reduced with intercool- 
ing. Thus the uncooled engine at 105 bmep shows 27.1, and the 
cooled engine at 126 bmep 26.4 lb of air per lb of fuel, both at 
12,300 Btu heat flow to cooling water. 

Where a cooling medium of low temperature is available, such 
as in cold-storage or ice plants where brine may be used, or in 


’ “Internal Combustion Engine,” by D. R. Pye, second edition, 
Oxford University Press, New York, N. Y., vol. 1, 1937. 
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TABLE 1 TEST bay. FOR 12-IN. X speem. SIX-CYLINDER 


GINE AT 600 RP 


Buchi 
-—— Noncooled ——~ ~—— Intercooled ——~ 


105 120 120 


128 144.5 144.5 

Brake horsepower 756 864 864 

Indicated horsepower. . 1040 1040 
Fuel consumption per 

.371 

.313 . 308 


92700 106500 104500 
12300 14500 11700 


13.3 13.6 11.2 
34.7 34.4 35 
3.45 4.2 4.075 


gag 140 147 90 
Initial compression tem- 

perature 7; 671 677 621 
Ratio Tm to Ti : 1.91 2 2.06 
mip from Figs. 6 and an 


165 


—_ effective 


Fuel consumption per 

Total Btu min hhv 
Btu to cooling water. 
Btu to cooling water 

per cent of total 
Brake thermal 

ency, per cent 
Supercharging pressure 
temperature 


minute. . 170 
Weight of air per min- 
in cy- 


129.5 134 


: 4.76 5.46 
er Ib of fuel. ‘ 27.1 24.5 
2210 2270 


Lb air 
Volume of air, cfm total 
ae removed from air, 


Btu. removed per hp 
r min from air 

Btu per cent of total 

cooling water plus air 


BHP PER HOUR 


- SUPERCHARGED ENGINE 
SUPERCHARGED NON COOLED 
SUPERCHARGED INTER- COOLED 


« 
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places where cold well water is available, the air cooling may be 
carried below 90 deg F to advantage. Fig. 5 shows by extra- 
polation that with an air-intake temperature of 50 deg F, about 
145 bmep is carried with the heat load of 105 bmep on the non- 
cooled Buchi supercharged engine. 

In Fig. 10 is plotted the fuel consumption in hhv per hour 
and per bhp per hour recorded on the intercooled supercharged 
engine at 327 rpm. The cooling-water heat-flow line for this run 
is shown on curve 4 in Fig. 4. 

The author promoted and directed this development which 
was started in 1943. The first tests were made in January and 
February, 1945. The fuel consumption obtained at that time is 
plotted in curves 3 and 4 in Fig. 10. The engine was operated 
with air intercooling. At 130 bmep the fuel consumption was 
6500 Btu hhv per bhp per hr. This may be the lowest fuel 
consumption ever recorded on a gas engine. 

Without air cooling the consumption will increase about 3 per 
cent to 6700 Btu. This latter value has recently been confirmed 
by another enginebuilder who has since taken up the super- 
charged gas Diesel. 
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TOTAL BTU HHV IN 1000 BTU PER HR 


On the basis of cycle mean temperature, the supercharged gas 
Diesel will carry a higher mep than the oil Diesel. This is due to 
better combustion efficiency at high loads. 


HiGu-PREsSURE SUPERCHARGING 


Points A, B, and C, curves 1 and 2, Fig. 11, are transposed test 
points on the 12,000-Btu line in Fig. 2. By calculating 7’ for 
these points, the mean temperature 7'm is found, thus permitting 
other points on the curves to be calculated from Figs. 6 and 7. 

If the nonsupercharged engine could be scavenged, the mip 
would increase from 100 to 109. The curve starting at 109 and 
0 supercharging pressure shows the gain obtained by increasing 
the pressure. The highest load occurs at 5 lb, where the mip is 
125. Of this, 9 lb is gained by scavenging and 16 by increasing 
the supercharging pressure. Above 5 lb gage the load drops off. 

By cooling the air in the manifold to 90 deg F or to the intake 
temperature of the blower, the mip at constant cycle mean tem- 
perature will follow curve 2. The 148-mip point is established 
from the actual heat-flow test curves in Fig. 2. The maximum 
cylinder pressures are equal at 765 psi for curves 1 and 2 in Fig. 
11. The cutoff ratio and compression pressure versus scavenging 
pressure for rating line 2 is shown on lines 7 and 6. A maxi- 
mum of 177 mip is reached at 9.5 lb supercharging pressure when 
the compression pressure equals the maximum cylinder pressure 
of 765 |b. 

Therefore, when maintaining the maximum cylinder pressure 
of the nonsupercharged engine, the limit of supercharging pres- 
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sure, with intercooling to blower intake temperature, is reached 
at about 9.5 lb gage. 

Higher supercharging pressures can be used only by permitting 
the maximum combustion pressure to increase. 

The 147-mip point on curve 2 in Fig. 11 has a combustion-to- 
compression pressure ratio of 1.266. If this ratio is maintained 
with increasing supercharging pressure and constant air-manifold 
temperature, we find that with constant cutoff (15.5 per cent) 
the mip for constant cycle temperature increases directly with the 
absolute supercharging pressure. The cycle mean temperatures 
are identical at all loads on curve 3, and the thermal efficiency is 
constant. 

Line 4 in Fig. 11 is plotted for 60 deg F air-intake tempera- 
ture to indicate the as yet unexplored possibilities of high output 
of the four-cycle engine. For example, with a supercharging 
pressure of 22 psig a mip of 318 psi would be carried. The com- 
pression pressure would be 1170 psi, and the maximum combus- 
tion pressure 1480 psi. The heat flow to the cooling water would 
be about 5.6 per cent of the total, and the fuel consumption 0.32 
lb per bhp per hr; 45.4 per cent of the total heat would go to work 
and 49 per cent to exhaust and radiation. While these figures 
will have to be adjusted downward to compensate for increased 
heat-transfer rate from gas to the walls, due to the increase in gas 
density, high-pressure supercharging nevertheless holds great 
promises, 


CONCLUSIONS 


On the basis of constant internal temperatures, the nonair- 
cooled Buchi supercharging system permits an increase of 28 to 
30 per cent on the brake horsepower of the nonsupercharged 
engine, or an increase of between 20 and 28 bmep. The cost of 
equipping an engine with a turbocharger and the Buchi exhaust- 
pipe system is very nearly in the ratio of this increase so that the 
final cost per bhp of the supercharged engine is approximately 
the same as the cost of the standard nonsupercharged engine. 


By the simple expedient of adding to the supercharging equip- 
ment an air cooler whose dimensions may be 15 in. square X 4 
ft long for 2600 cfm, and supplying cooling water at 80 deg F to 
remove 3 Btu per min per bhp, the engine output is increased to 
155 per cent of nonsupercharged rating. 

The cost of this cooling equipment will be about $3 to $4 per 
hp, gained by cooling. The author believes this to be the lowest 
cost on record for a Diesel-engine horsepower. The extreme 
simplicity of equipment and ease of operation and maintenance 
should bring about universal acceptance of intercooling and 
render the uncooled turbocharged engine obsolete. 

Compared with the nonintercooled turbocharged engine, 
intercooling to 90 deg F reduces the cost per horsepower by 
about 18'/, per cent. The weight and volume of the engine are 
reduced about 20 per cent for the same horsepower. 

Beyond this lies high-pressure intercooled supercharging using 
multiple-stage turbochargers, which promises in the near future 
to revolutionize the design of internal-combustion engines. 
Those engineers who accept the challenge of this discovery and 
bend their efforts toward the solution of the problems involved 
in developing this new engine will help to guide the internal- 
combustion-engine industry toward greater expansion and in- 
creased importance in our civilization. 


Discussion 


G. J. Harstmarer.‘ The author analyzes the internal-com- 
bustion engine primarily as a heat engine. As such it is im- 
portant that we maintain a balance of heat, adding it where 
necessary and removing it where it is undesirable. In the case of 
the supercharger intercooler, that is, the cooling unit itself, we 
are interested primarily in the removal of heat and generally 


4Sales Manager, Contract Products Division, Young Radiator 
Company, Racine, Wis. 


740 


speaking, removing as much as possible. In terms of heat trans- 
fer we find the engine jacket water at a temperature level too 
high to afford a means of cooling the supercharged air. We look 
therefore to an outside source of water, normally the raw-water 
supply which is used for cooling the engine jacket water and 
the oil coolers, or in the case of a marine engine, the sea water, 
in which case we must be careful to design into the intercooler 
unit a construction with materials that are resistant to salt-water 
corrosion. 

The intercooling of supercharged air is comparatively new; 
however, we did accomplish this and in production-lot auantities, 
starting back in 1939, on the smaller high-speed 4-cycle Diesel 
engines ranging in the neighborhood of 150 to 200 hp. Later on 
during the war period we did this for other engines also in the 
higher-speed Diesels, namely, in the 300-hp range. Fig. 13 of 
this discussion shows a small cooling unit used with a 300-hp 
marine supercharged Diesel engine. The core element of this unit 
is approximately 6 in. square and this will give a relative idea of 
the over-all size of the cooling unit. This unit is capable of 
handling anywhere from 300 to 600 cfm of supercharged air and 
of cooling this down to within about 25 deg of the temperature 
of the sea water. The unit was designed and manufactured 
entirely of salt-water-corrosion-resistant materials and, in being 
furnished for the requirements of the United States Navy, was 
built in compliance with the applicable specifications of Heat 
Exchanger Specification 66Cl of the Heat Transfer Section of the 
United States Navy, Bureau of Ships. 

Fig. 14 shows the performance curves for this unit, which 
basic data have served well in approximating the size of the inter- 
cooler units being furnished for some of the larger slower-speed 
Diesel engines today. It will be noted that all of the character- 
istics are plotted against engine rpm. The sea-water tempera- 
ture rise is negligible. The sea-water flow rate is such as dictated 
by the other parts of the cooling system. The air-pressure drop 
is within an acceptable range, and it will be noted also that the 
sea-water pressure drop is almost negligible. 

In the meantime some of the engine designers had indicated a 
preference for an intercooler unit which would be round in shape, 
and from a design standpoint this seems to be the logical arrange- 
ment of heat-transfer surface, because of the over-all shape of 
the unit, the straight-through air flow, and the ease of installation 
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to the engine. Naturally this round-type intercooler would be 
more desirable, fitting readily and neatly into the air duct from 
the supercharger blower to the engine intake manifold, and it is 
generally conceived by the engine designer as a unit which would 
be about the same diameter size as the air duct, or at least not 
much larger. An intercooler of this design has been developed, 
and is shown in Fig. 12 of the paper. This has been applied to one 
of the larger supercharged Diesel engines. The cooler itself, 
Fig. 15 of this discussion, is approximately 22 in. diam with _ 
approximately 1100 tubes, !/, in. diam, making up the tube nest, 
the salt water from the engine cooling system flowing through the 
flanges as shown and the air flowing through the tubes. The unit 
handles approximately 2000 cfm with a pressure drop of about 8 
in. water gage, and cools the air to within about 20 deg F of the 
water temperature. 

As yet this type of unit has not been made available in pro- 
duction-lot quantities and there is some doubt that it will be, at 
least in its present shape and form. It must be remembered that 
the raw water, or the salt water in marine applications, passes 
around the smaller tubes in very narrow and restricted passages 
inside of this round unit. So far the design of this round-type 
unit has not been cleanable from the sea-water side. However, ; 
that factor is being given further consideration and the round- 
type intercooler may yet be available for the engine designer in 
the not too distant future. 

As in all engineering considerations, design too is a matter of 
compromise, and in the design of the supercharger-intercooler 
unit itself the compromise is that of shape and size with perform- 
ance in terms of cooling efficiency as well as of maintenance and 
serviceability in operation. There is also a compromise in the 
arrangement of the heat-transfer surface, that is, a compromise 
in over-all height and width against pressure drop in the air 
stream passing through the cooling unit. 

The following is what might be considered an over-all com- 
promise in terms of one of the latest intercooling units now being 
applied to one of the larger slow-speed Diesel engines. This en- 
gine, a six-cylinder model, 16-in. bore, 22-in. stroke, operating 
at 325 rpm when supercharged, has a rating of 1200 hp as 
against the 750-hp rating unsupercharged. With supercharger 
intercooling, it is expected to bring the rating of this engine up to 
1500 hp at the same engine speed. The intercooler unit has over- 
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all dimensions of 53 in. length, 18'/2 in. height and depth in the 
direction of air flow of 7'/s in., although the core element itself 
to which the supercharged air stream is exposed, measures only 
48 in. between the end headers, 16'/s in. height and 5'/s in. depth 
in the direction of air flow. 

This unit in over-all volume is somewhat smaller than the 
intercooler unit to which the author referred in his paper, and it is 
offered to give cooling performance even a little better than that 
same unit. More specifically, it is designed to handle an air flow 


of 3900 cfm with an,air-inlet temperature coming from the super- 
charger at 155 deg F, cooling the supercharged air down to 90 
deg F. The cooling-water temperature maximum is 80 deg F, 
and with lower water temperatures the leaving temperature of 
the supercharged air coming off the cooling unit will of course be 
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less, that is, approximately 10 to 15 deg above the water tempera- 
ture. 

In this particular case we have figured on a cooling-water flow 
of from 200 to 250 gpm, which is the same water flow available 
for the engine jacket-water heat exchangers and the lube-oil heat 
exchangers. The raw water would flow through the supercharger 
intercooler before passing through the other heat exchangers as 
there is only about a 2'/; to 3 deg F temperature rise in the 
cooling water passing through the supercharger intercooler. 
This unit, incidentally, has approximately 150 tubes, */, in. diam, 
and in its performance we estimate the pressure drop on the 
air side will run in the neighborhood of 2'/; to 3 in. water gage. 

The weight of this intercooler unit is approximately 350 
Ib. As yet it is not being manufactured in production-lot quan- 
tities, but even on the smaller-quantity basis the cost figures 
today indicate that the $2 per hp figure which the author quotes 
is not far out of our reach. In fact, depending upon the size of 
engine and the quantity manufactured at one time, we find cur- 
rent costs on intercooler units of this kind running from $2.50 
to about $5 per hp, based upon the increase of horsepower which 
will be obtained from the intercooling alone. This does not 
take into account the cost of the application and the additional 
materials such as the duct work and manifolding which the 
engine manufacturer will have to consider in his design costs. 
It is a figure based on the cost of the intercooler itself as an 
accessory item. 

This cost, however, will be less as time goes on, particularly 
as plans are being made eventually to work out a standard inter- 
cooler design which can be made adaptable to more than one 
engine installation and which conceivably may be manufactured 
in larger quantities, resulting in ultimately lower costs. It is not 
unreasonable therefore to look forward to approaching the 
figure of $2 per hp or possibly even improving upon that figure. 
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Bavarian Motor Works Altitude- 
Test Facilities 


By E. E. STOECKLY,' WEST LYNN, MASS. 


Several large-capacity high-altitude low-temperature 
test chambers for aircraft-engine work were constructed 
during the war. The present paper describes in some 
detail the equipment and operation of the first of these 
at the Bavarian Motor Works. 


ized the construction of the first large-capacity high- 

altitude low-temperature aircraft-engine testing labor- 
atory. This decision was predicated on the conviction that the 
further rapid development of high engine powers at altitudes 
could most rapidly be accomplished by ground-level testing 
under actual high-altitude low-temperature high-speed flight 
conditions. Of paramount importance was the cooling problem 
of both air- and liquid-cooled conventional engines, and the sat- 
isfactory performance and operation under altitude conditions 


I ) ARLY in the year 1941 the German Air Ministry author- 
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of their then little-known jet-propulsion engine. Prior to 1941 
all laboratory altitude testing consisted of holding only the engine 
exhaust and carburetor air inlet at altitude conditions. Because 
of the experience and success that the B.M.W. had with such 
testing, it was directed to build the first really large altitude-test 
plant. The plans called for a maximum refrigerated air supply 
of 53 1b per sec at —80 F, and an evacuation capacity of 53 lb per 
sec at 26,000 ft altitude, with a maximum operating altitude of 
52,500 ft, as given by curve A, Fig. 1. 

Shortly after authorizing the first plant, the German Air 
Ministry, often referred to as R.L.M., authorized the construc- 
tion of four more such plants, some of which were to be over 
twice as large as the Bavarian Motor Works (B.M.W.) plant. 
The new plants were to be for the research establishment of the 
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Electric 


Luftwaffe, known as E.D.L; German Experimental Establish- 
ment for Aviation, know as D.B.L; Daimler Benz and Junkers 
Motor Works. This policy was to make altitude-testing facili- 
ties available to the three Jeading German reciprocating and 
gas-turbine aircraft-engine manufacturers, as wel) as the two 
leading government research institutions. The two government 
plants were to have exhausting and refrigerating capacities as 
shown by curve B, Fig. 1. The plants at the three engine manu- 
facturers were to be as given by curve A, Fig. 1, with space and 
foundations provided for eventually increasing the plant capacity 
to curve B, Fig. 1. 

Between 1941 and 1943, as the hopes for larger engines rose 
and fell, doubling the capacity of the B.M.W. plant was author- 
ized and canceled several times. Some 3 years after construction 
was started, the B.M.W. plant, a cross-section model of which 
is shown in Fig. 2, went into operation in October, 1944, with a 
refrigeration and evacuation capacity of 53 lb per sec at 26,000 
ft altitude and a maximum working altitude of 52,500 ft. The 
plant operated successfully from the very beginning and was in 
continuous service up to the time of occupation by the American 
forces, except for short outages to repair bomb damage. Be- 
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cause of the critical shortage of electric power in the Munich 
area, brought about by heavy Allied air bombardment, the plant 
could be operated only from late evening until early morning. 
As the construction of the other test plants was lagging behind, 
the German Air Ministry made the B.M.W. plant available 
to the other engine manufacturers on a priority basis. 

From October, 1944, to April, 1945, several reciprocating 
engines and approximately 20 Junkers 004 and B.M.W. 003 
jet-propulsion engines were completely altitude-tested. 


B.M.W. PLANT AND EQUIPMENT 


Test Chamber. The altitude test chamber, as shown in Fig. 
3, consists essentially of a Jarge cylinder in which the aircraft 
engine to be tested is mounted on a movable carriage. Refrig- 
erated air under the desired conditions of temperature, altitude, 
pressure, and velocity is rammed into the front end of the engine. 
The exhaust system connected to the rear section of the cylinder 
removes the exhaust gases and cooling air. In the case of air- 
or liquid-cooled reciprocating engines and propeller-drive aircraft 
gas turbines, the power output is transmitted by a drive shaft 
through the inlet-air elbow to a combination water brake and 
electric dynamometer located on the left-hand side of the test 
chamber. 

Fig. 4 shows the manner in which a jet-propulsion engine is 
mounted for testing. The air connection to the front end of the 
engine is through a free-sliding labyrinth joint transmitting no 
axial forces. With the unit mounted in a frame on rollers, the 
thrust output of the engine is transmitted by a system of links 
and bell cranks to a thrust-measuring scale located in the test 
chamber and read through a turnable periscope from the oper- 
ating control room. 

Fig. 5 is the schematic piping arrangement of the entire test 
plant with the principal pressures and temperatures at various 
points. The left-hand side of the figure shows the refrigerated- 
air-supply system, and the right-hand side shows the exhausting 
system. Starting on the left-hand side, normal atmospheric air 
is compressed to approximately 2.6 atm, cooled by direct-contact 
water sprays to 60 F, followed by cooling to — 10 F, by an anti- 
freeze solution, and finally cooling to altitude temperature and 
pressure by expansion through an air-refrigeration turbine. In 
order to make available a wide latitude of air temperatures 
and pressures at the test-chamber entrance, the by-pass lines and 
heat exchanger shown in the line diagram were added. As will 
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be shown later, the purpose of the heat exchanger is to make 
possible rapid changes in temperature to the altitude test cham- 
ber without producing icing conditions. 

Air Compressor. The air compressor is a three-stage radial- 
flow centrifugal unit with automatically controlled variable 
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Fic. 8 Arr-Suppty CoMPRESSOR AND REFRIGERATION TURBINE 


diffuser vanes and was built by the Brown Boveri Company. 
Fig. 6 shows a plot of pressure ratios for various air flows for this 
compressor. The design point and expected curve are given for 
various constant values of diffuser angle from 25 to 120 deg. 
These curves show that the compressor can operate stably be- 
tween air flows of 10 lb per sec to approximately 55 1b per sec. An 
automatic control, actuated by air flow, varies the diffuser angle 
setting for operation along the designed curves. Fig. 7 shows 
the cable and linkage system used to control the angle of the 
diffuser vanes. 

Fig. 8 is a view of this compressor with the refrigeration 
turbine that drives it shown on the right-hand side. The 
difference in power between the turbine and compressor is made 
up by the 3300-kw motor on the left-hand side, which is con- 
nected to the compressor through a step-up gear. 

The compressor driving motor was made large enough to carry 
full load on the compressor without the help of the refrigeration 
turbine. Operation of the compressor and refrigeration turbine 
is at a constant speed of 4370 rpm, while the driving motor runs 
at 990 rpm. The concrete blocks surrounding the motor were 
placed there during the last few months of the war as a protec- 
tion against damage due to Allied bombing attacks. Similar 
concrete protection was placed around all other vulnerable appa- 
ratus as protection against bomb damage. 

Air-Cooling System. The air leaving the air-supply compressor 
is cooled by a heat exchanger from 0 to 70 F, depending upon the 
method of operation. The next stage of cooling is accomplished 
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in a water-cooling cylinder, a cross section of which is shown in 
Fig. 9. The air enters at the bottom left-hand side and passes 
up through a mat of small porcelain tubes each about 5/s in. 
long and */,in. OD X '/, in. ID. These tubes are piled indis- 
criminately to form a mat with large surface area and many 
projecting corners. The total depth of this mat is approximately 
36 in. Cooling water that is distributed evenly over this mat 
by means of sprays flows down through and around the tubes, 
finally collecting in the bottom of the cooler. 

After the air has been cooled by contact with the water flowing 
over the surfaces of the short porcelain tubes, it goes up through 
another similar mat of tubes approximately 24 in. thick. In 
going through this second mat the excess moisture carried in 
suspension is effectively removed by the many sharp corners and 
narrow twisting paths up through which the air must go. Air 
leaving the top of this cooling cylinder is approximately at the 
compressor-discharge pressure of 2.6 atm and saturated with 
water vapor at a temperature of 60 F. At this temperature and 
pressure the air will hold in saturation approximately 50 grains 
of moisture per |b of air. In summer time this may be less mois- 
ture than in the incoming air but more than it is likely to hold in 
the winter months. 

The next stage of cooling is similar in construction and oper- 
ation except that an antifreeze solution is used instead of water. 
The outgoing air temperature from the second stage of cooling is 
about 10 F below zero. At this temperature and 2.6 atm, the 
saturation moisture content is reduced to 1.5 grains per lb of 
dry air. To accomplish this cooling the antifreeze solution enters 
the cooling chamber at —16 F and is removed at —6 F. Due 
to lowering the air temperature, approximately 1320 |b of mois- 
ture is condensed out of the air every hour. This is absorbed in 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1946 


the antifreeze solution from which it is removed by special mul- 
tiple-effect evaporators. This is done on a continuous basis by 
sending a small fraction of the liquid leaving the air cooler through 
the concentrating process before going to the antifreeze cooling 
system. The antifreeze solution used was obtained under the 
trade name of Reinhartin and is believed to be of a calcium- 
chloride base with an inhibitor to reduce corrosion. 

Cooling Antifreeze Solution. Cooling of the antifreeze solu- 
tion is accomplished by an integrally designed refrigeration unit 
manufactured by Brown Boveri Company and sold under the 
trade name of “Frigibloc.”’ This unit, consisting of a seven- 
stage centrifugal freon compressor, shown in Fig. 10, is built 
integrally with a condenser, evaporator, and all necessary ac- 
cessories. Ther efrigerant gas used is freon F-11. It is extracted 
at the end of five stages and after passing through an inter- 
cooler is returned to the entrance of the sixth stage. Elaborate 
oil shaft seals are used to prevent air leakage in and freon leakage 
out. The compressor is driven by a 400-kw direct-connected 
motor running at 2950 rpm. 

Fig. 11 shows the schematic arrangement of the component 
parts. The centrifugal compressor is shown at the center top 
and the evaporator, consisting of a tube heat exchanger with the 
antifreeze solution circulating inside the tubes, is shown directly 
below the compressor. The intercooler between the fifth and 
sixth stages is shown on the left-hand side, while the condenser 
with its liquid aftercooler is shown on the right-hand side. The 
schematic system for the shaft seal is shown in the upper left- 
hand corner, while the purging system is shown in the lower 
left-hand corner. 

Refrigeration Turbine. The —10 F air coming from the anti- 
free: e cooling chamber is expanded to altitude pressure in a re- 
friger: ion turbine designed and built by Brown Boveri Com- 
pany. It is of conventional] design having a single stage and 
eight equal admission-valve arcs. Good mixing between the air 
being by-passed around the turbine and that going through was 
obtained by building the by-pass directly into the turbine. The 
turbine buckets and wheel were made of a special nickel steel to 
withstand the low temperatures encountered. No insulation 
was applied to the outside of the turbine as it was felt it would 
interfere with accessibility and maintenance. This results in some 
heat absorption by the cold air but does not appear to be serious. 
The turbine is operated at a constant speed of 4370 rpm and is 
directly connected to the air-supply compressor as a means of 
loading. Fig. 12 gives the minimum air temperature that can 
be obtained at the test chamber after correcting for turbine and 
pipe-line heat loss. As can be seen from the curve, a minimum 
test-chamber air-inlet temperature of approximately 50 deg F 
below standard N.A.C.A. altitude temperatures can be main- 
tained with flows of 20 lb per sec and more up to 40,000 ft alti- 
tude. 


DANGER oF IcING 


In the operation of a turbine-expansion cycle of this type for 
air-cooling there is always the danger of icing resulting from 
moisture condensation. As air is expanded to lower pressures, 
at constant temperature, it will hold greater amounts of moisture 
in saturation. As the temperature is reduced at constant pres- 
sure, the amount of moisture that can be held in saturation is 
rapidly reduced. Fig. 13 shows the plot of constant-saturation- 
moisture-content lines on a pressure-temperature field. From 
these curves it can be seen that with a turbine-inlet moisture 
content of 1.5 grains per lb of dry air, the moisture content can 
be kept below saturation along the N.A.C.A. altitude-tempera- 
ture curve only up to 30,000 ft altitude and again above approxi- 
mately 65,000 ft altitude. Between these two altitudes at 
N.A.C.A. temperatures and through broader limits at lower 
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than N.A.C.A. temperatures, the air has more moisture than it 
can hold in saturation and the possibility of ice formation 
exists. 

The designers of the B.M.W. test plant were aware that such 
icing might give trouble and considered in the initial design 
stages the installation of chemical driers for removing additional 
moisture from the air. Because of the size and expense of such 
driers, they decided to try the system without and find out by 
experience just how serious the icing problem would be. To 
date they have operated the plant severa) hundred hours, al- 
though not more than 6 hours continuously, in the range in which 
icing troubles should occur, as indicated in Fig. 13, and report 
that they have had no sign of trouble. 

The author’s personal experience with similar altitude-refrig- 
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eration equipment in the United States has shown that icing 
problems increase rapidly as the air-moisture content gets above 
3 to 4 grains per lb and decreases rapidly below 3 grains. This 
evidence indicates that quite likely little icing trouble will be 
encountered if the moisture content can be held down to 1.5 
grains. 

If air temperatures higher than those obtained going through the 
refrigeration turbine are desired, air can be by-passed around 
the turbine and the air temperature to the test chamber raised 
to —10 F, with a moisture content of not over 1.5 grains. If 
still warmer air is desired, the piping is so arranged that the 
—10 F air from the antifreeze cooling chamber can be returned to 
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a heat exchanger between the supply air compressor discharge 
and the first water air cooler. The maximum temperature that 
can be obtained in this manner is 120 F. By this method air 
dried to 1.5 grains can be delivered to the test chamber at tem- 
peratures ranging from +120 F to —100 F. This is of particu- 
lar value when obtaining compressor efficiencies by the tempera- 
ture-rise method, especially with low inlet-air temperatures. 

The heat exchanger between the compressor and the water 
cooler is used to rapidly heat the cold-air lines between the tur- 
bine discharge and the test chamber when shifting from a low 
temperature point to a higher temperature point. The by-pass 
valve from the air-compressor discharge to the turbine inlet is 
rarely used because of the moisture and icing problems encoun- 
tered by moisture-laden warm air striking cold surfaces. 

The inlet-air temperature to the altitude cylinder is controlled 
by changing the ratio of the air by-passed around the refriger- 
ation turbine to the air that goes through the turbine, with the 
controls set so as to hold a constant total air flow. The inlet- 
ram conditions to the engine under test is obtained by varying 
the total air flow to the test chamber by increasing or decreasing 
both the air by-passed around the turbine and that going through 
the turbine. The controls are such as to maintain a constant 
ratio between the two. 


Arr-EXxHAUST SYSTEM 


The altitude cell is exhausted by means of two four-stage 
motor-driven centrifugal exhausters For low altitudes the 
exhausting units are operated in parallel while for higher alti- 
tudes the exhausters are operated in series. The change-over 
point is the break noted in curve A, Fig. 1. The larger of the two 
exhausters, shown in Fig. 14, operates at 3200 rpm and is driven 
by a 4500-kw 990-rpm motor through a step-up gear. The 
smaJler unit operates at 4785 rpm and is driven by a 2700-kw 
990-rpm motor through a step-up gear. These exhausters were 
built as multiple-stage centrifugal units rather than axial flow 
because of the belief they would have broader stability limits 
and would be less subject to performance deterioration due to 
accumulation of dirt. 

Fig. 15 gives the pressure-ratio air-flow characteristics of the 
two exhausters. Fig. 16 is an outside view of the V1104 or 
smaller of the two exhausters. The two projecting flanges on 
the top half-casing hold membrane-type explosion vents that 
blow out in case of an explosion in the exhaust system. The 
motors driving these exhausters and the air-supply compressors 
are of the three-phase alternating-current asynchronous type 
with wound rotors. Starting is accomplished by inserting liquid 
resistors between the slip-ring connections. As the speed in- 
creases the Jiquid resistance is decreased until it becomes zero 
for normal operation. It was originally planned to control the 
exhaust pressure by speed control obtained by varying the rotor 
resistance. This did not prove to be practical and as a result 
the exhausters are operated at full speed, and chamber altitude 
pressure is maintained regardless of flow, within the limits of 
operation, by an automatic hydraulic system controlling the 
throttling valve just ahead of the first exhauster. When 
the system air flow gets below the stable range of the exhauster, 
air is bled in from atmosphere to the exhauster inlet. 

The exhaust system is so valved that the change-over from 
series to parallel] operation can be made by remote control while 
the units are operating and the test is going on. Smooth change- 
over is obtained on the three valves that it is necessary to change 
by making two self-acting, nonreturn check valves, and the 
third, a motor-operated gate valve. In changing over it is neces- 
sary to change only the motor-operated gate valve and the 
other two valves automatically follow in the proper sequence. 

The hot exhaust gases leaving the test-chamber discharge 
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Fig. 15 CHARACTERISTICS OF EXHAUSTERS 


Fie. 16 Four-Stace CENTRIFUGAL EXHAUSTER 


are reduced to approximately 525 F by automatically operated 
water sprays. Additional cooling of the exhaust gases to approxi- 
mately 100 F is accomplished by a surface gas cooler using water 
as a cooling medium. When the exhausters operate in paralle! 
each discharges to the atmosphere through a brick stack. When 
the two operate in series an additional surface gas cooler is placed 
between the two exhausters to reduce the inlet temperature of 
the second one to approximately 100 F. 


ALTIruDE Test CHAMBER 


The altitude test chamber is a cylindrical body about 26 ft 
long and 12.5 ft diam. To withstand possible explosions, the 
chamber was tested with an internal pressure of 150 psi. The 
side walls are 0.8 in. thick and the end domes 1.38 in. thick. 
Since they had had no previous experience with such chambers, 
four large membrane explosion reliefs 34!/2 in. diam were pro- 
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vided on the top side of the chamber. In order that the escaping 
gases from these vents would not damage the building, an explo- 
sion shaft was built above the chamber. To date no explosions 
have been experienced. This has been attributed to the large 
amount of excess air. Starting of the engine has always been on 
gasoline and some fires on starting have occurred. These have 
always been quickly extinguished by closing off the cooling-air 
supply to the chamber and injecting CO? gas. Experimental 
“attempts were made to extinguish fires by quickly raising the 
altitude to 50,000 ft. This procedure failed to put out the gaso- 
line fires. The author has seen similar oil fires in altitude cham- 
bers that were quickly put out by raising the altitude to 40,000 ft. 

The entire exhaust-pipe system is protected against explo- 
sions and overpressure by a large number of explosion valves 
built especially for this particular job. These valves are spring- 
closing check valves of very light construction so that any sudden 
rise in pressure will quickly open them. 

Access to the altitude chamber is obtained by removing the 
entire end dome and exhaust elbow. This operation is made 
entirely automatic, requiring only the pressing of several buttons, 
by the ingenious use of two power-operated bayonet-ring joints. 
Fig. 17, which is an end view of the altitude chamber, shows the 
large ring bayonet joint. After the two joints are opened a jib 
crane supporting the discharge elbow and end dome swings the 
assembly out of the way. In the center can be seen the exhaust 
nozzle of the jet engine under test together with the supporting 
test frame on which it is mounted. 

All electrical, pressure, temperature, and fuel-supply lines to 
the test frame are made by quick connectors. This allows the 
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Fic. 19 REFRIGERATION AND EvacvuaTion Controt Room 
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entire engine assembly to be quickly removed or installed. Such 
a complete change has been made in less than 2 hr. Fig. 18 isa 
view of the instrument board in the engine control room. In 
the center can be seen the turnable periscope used for viewing the 
engine in the protected altitude chamber. Important tem- 
peratures and pressures needed for the proper operation of the 
engine are given by direct-reading instruments directly in front 
of the operator. Special test temperatures are read on portable- 
type potentiometers on the left-hand side of the control board, 
while special pressures are read on mercury manometers on the 
right-hand side. 

Fuel flow metering equipment is placed in a large tank that is 
vented to the altitude chamber. Two systems were originally 
set up to serve as a cross-check. One was a weight-tank system 
and the other was a volume measurement in which photoelectric 
cells operated an electric timer. Owing to trouble the photo- 
electric-cell volume method was discarded and the weigh-tank 
readings taken without a check method. 

Speed measurements were made using a standard aircraft-type 
tachometer. On jet-propulsion engines, engine speed was held 
constant and of an exact value by making a matching strobo- 
scopic disk appear stationary. The disk was driven by a small 
synchronous motor connected to a smal] synchronous generator 
on the engine. The flashing light source for the stroboscopic 
disk was from a special constant-frequency source and did not 
depend upon power-line frequency. 

Fig. 19 is a view of the refrigeration and evacuation con- 
trol room. From this point the operator controls the altitude 
pressure in the test chamber, the inlet-air temperature, and the 
inlet-air velocity or ram pressure. This information is trans- 
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mitted to the operator from the operator in the engine-control 
room over a public-address system. 


PRopeELLER-DRIVE ENGINES 


Propeller-drive engines were loaded onto a combination water 
brake and electric dynamometer. The water brake, whose 
characteristics are given in Fig. 20, was of the Froude design and 
had a capacity of 5000 hp over a speed range of 1000 to 2500 rpm. 
This brake was cradled with and directly connected to a Siemens 
Schuckert electric dynamometer that was capable of absorbing 
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1100 kw as a generator and developing 780 kw as a driving motor. 
The electric load of the dynamometer was loaded into a d-c — a-c 
motor-generator set that pumped back into the main a-c power 
lines. The total torque developed by the water brake and electric 
dynamometer was read on a single electric light beam weigh 
scale. 

In spite of being designed and built under wartime conditions, 
no effort or expense was spared to make this plant the very best 
in all respects. That the Germans succeeded in this is testified. 
to in the excellent manner in which the plant operated. 
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Peanut-Meal Plywood Glue 


By R. S. BURNETT! ann E. D. PARKER! 


In this paper the results are given of work done at the 
Southern Regional Research Laboratory in which specifi- 
cations were established for peanut meal for use in prepar- 
ing plywood glue. A satisfactory formula has been de- 
veloped. Joint tests show that the peanut-meal glue 
meets the requirements established for casein and casein- 
type glues. Comparisons of peanut-meal glues with other 
water-resistant glues are made. 


i NHE FIRST large-scale application of an oilseed meal to the 
preparation of plywood glues began in 1927 with the use 
of soybean meal from Manchuria. This development 

took place in the Pacific Northwest to meet the needs of the 

Douglas-fir plywood industry for a cheap water-resistant glue. 

Although soybean-meal glue is more suitable for softwoods than 

for hardwoods, considerable amounts are used on hardwoods 

grown in the eastern and southern United States, especially in 
the manufacture of water-resistant box shooks (1).2 While the 
preparation of plywood glue from other oilseed meals such as 
peanut (2, 3) cottonseed (4), castor-bean (5), and hempseed 

(6) meals has been investigated, to our knowledge only soybean- 

meal plywood glue has been used in significant amounts in this 

country. Of the latter 30,000 tons were consumed in 1942 (7). 

The present investigation is concerned with the preparation of a 

plywood glue from peanut meal. 

The increase in peanut acreage in the South during the past 
ten years has made available a supply of protein-rich meal, but 
the preparation of plywood glue from this meal has been pre- 
vented by lack of the necessary technical information. The 
required information must include the development of a formula 
for preparing a suitable glue which must not only be capable of 
making a strong glued joint but must have flow properties that 
permit the glue mixture to fit effectively into the mechanical 
processes used to make plywood. Spreading characteristics, 
“working life,’’ assembly time, etc., are all dependent on good 
flow properties. It is necessary to know also what influence the 
processing conditions employed to separate the seed into oil and 
meal have on the suitability of the meal for use in plywood 
glue. 

As a result of work completed to date at the Southern Labora- 
tory, specifications have been established for a peanut meal suit- 
able for use in preparing plywood glue; a satisfactory glue form- 
ula has been developed; and information has been obtained with 
respect to the behavior of the glue under varying conditions of 
assembly time, pressure, etc. Comparisons of peanut-meal glues 
with other water-resistant glues have also been made. 


Test Metuops 


The only way to evaluate a plywood glue is by gluing wood and 


measuring the strength of the joint obtained. Methods for 
evaluating plywood glues by the plywood and the block shear 
tests, developed by the U. 8. Forest Products Laboratory, have 


1 Southern Regional Research Laboratory, New Orleans, Louisi- 
ana. One of the laboratories of the Bureau of Agricultural and 
Industrial Chemistry, Agricultural Research Administration, U.S. 
Department of Agriculture. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Wood Industries Division. 

Statements and opinions advanced in papers are to be understood 
as individual expressions of their authors and not those of the Society. 


served as a basis for Federal specifications for water-resistant 
glues (8, 9). The use and interpretation of data obtained by the 
application of these methods are discussed in several readily 
available publications (10, 11, 12). Such methods are subject 
to many variations which are difficult to control; they are not 
sufficiently accurate to measure small differences but they pro- 
vide a means of making relative comparisons of one product with 
another. What actually is measured by such methods is the 
strength of the glued joint obtained rather than the strength of 
the glue. In other words, these methods of evaluation serve as a 
measure of the success of a gluing operation with a given glue. 

The three principal tests required to evaluate a plywood glue 
are the dry and wet plywood shear test, the block shear test, 
and the measurement of the viscosity of the glue to determine its 
working life and setting properties. 

The plywood shear test is made on specimens of birch plywood 
which have been prepared with the glue to be evaluated. The 
test pieces are subjected to tension in a standard plywood shear- 
testing machine until the joint fails. The load required to break 
the test pieces and the amount of wood failure is measured on dry 
joints and on those which have been soaked in water for 48 hours. 
This test is especially valuable for measuring the resistance of a 
glued joint to water. The specifications for casein and casein- 
type water-resistant glues (8, 9) require dry and wet plywood 
shear strengths of 340 and 140 pounds per square inch, respec- 
tively. There was no wood failure found in any of the wet joints 
tested except those made with one of the two lots of the casein 
glue mix containing blood and soybean meal reported in Table 9. 
In the plywood shear test the grain of the core of the 3-ply test 
pieces is at right angles to the faces. 

In the block shear test the minimum requirement is 2800 lb 
per sq in. (8,9). The grain of the two glued hard-maple blocks is 
parallel and a compression force is applied in the direction of the 
grain. 

According to Federal specifications, ‘a glue shall be considered 
to have reached the end of its working life when it reaches a vis- 
cosity of 800 poises.” For this test an orifice-type viscosimeter is 
recommended. However, for simplicity and speed of operation, 
the present investigators prefer to use a MacMichael rotating-cup 
viscosimeter employing a bob suspended from a torsion wire. 
When wire No. 26 is used with this instrument a reading of 290 
deg is roughly equivalent to the maximum viscosity of 800 poises 
specified. Since the peanut-meal glues exhibit thixotropy, they 
must be stirred thoroughly to break down incipient gel formation 
before reliable viscosity readings can be made. 

The gluing schedule followed in all of the plywood shear tests 
reported herein, unless otherwise indicated, was as follows: 


lto3 

75 to 77 F. 

70-75 lb per 1000 sq 
ft 

5 to 9 min 

150 lb per sq in. over- 
night at 75 to 77 F. 

lhr 


Glue to water, proportion by weight 
Temperature of wood and glue 
Glue spread 


Closed assembly time 
Pressure 


Age of glue mixture when used 

Moisture content of wood and of test 
pieces 

Number of tests for each average 
value reported 


6 to 7 per cent 


15 (3 panels) 
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For the block shear test the gluing schedule was the same as for 
the plywood shear test with the following exceptions: 


Pressure, 200 lb per sq in. 
Number of tests for each average value reported, 5-15. 


To control the moisture content in the wood and test samples 
used for the plywood and block shear tests an inexpensive, easily 
constructed, constant humidity room was built. This was de- 
scribed in a previous publication (13). Test samples held in this 
room for 72 hours at a relative humidity of 32 per cent reach an 
equilibrium moisture content of 6 to 7 per cent. | 


ForMULA DEVELOPMENT 


Finely ground oilseed meals are required for the preparation 
of plywood glues. Because of the 6 to 10 per cent of oil which 
remains in hydraulic-press meals a flour cannot be prepared by 
ordinary sifting methods. It is necessary therefore to employ 
an air separator to obtain a flour of the desired fineness. The 
peanut flours used in this investigation were ground and sized 
so that 80 to 90 per cent would pass through a 200-mesh sieve; 
the sieve tests being run after the oil was removed by means 
of solvent. The oil remaining in the meal serves to prevent the 
glue from foaming during the mixing and spreading operations. 

A readily available peanut-meal flour, Table 4, meal No. 1, 
which had been produced under controlled conditions for use as a 
food was chosen for the preliminary work on the development of 
a plywood-glue formula. It had a high protein content and was 
processed to separate the oil and meal at relatively low tempera- 
tures. Subsequent work showed this to be a good choice and this 
flour, or one prepared under similar conditions, was used in the 
work reported here, unless otherwise indicated. 

Casein and soybean-meal glues are usually made up with water 
and various combinations and amounts ef sodium hydroxide, 
lime, and sodium silicate. As would be expected, preliminary 
experiments indicated that peanut meal so combined behaved in 
a manner generally similar to that.of soybean meal and casein. 

A joint which has a high dry strength can be prepared with 
peanut meal by the use of sodium hydroxide and water alone. 
The addition of lime to such a mixture provides an irreversible 
gel which is necessary for wet strength in the glue bond. The 
addition of sodium silicate in amounts up to 15 parts per 100 
parts of meal greatly improves the spreading qualities of the glue. 
Best results are therefore obtained when all three alkalies are 
present in the glue mixture. 

Taking into account viscosity characteristics, working life, 
water requirements, and the wet and dry strengths of the ply- 
wood joint obtained, the combination of alkalies which has 
given the best results with peanut meal is: hydrated lime 15 
parts, sodium hydroxide 4 parts, and sodium silicate 15 parts per 
100 parts of peanut meal. Some of the data obtained in arriving 
at this formula are given in Table 1. In the series of tests re- 
corded in the table the amount of sodium silicate and tetrasul- 
phide, discussed later, was held constant. The addition of 
hydrated lime up to 15 parts per 100 parts of meal was found to 
increase the wet shear value. The use of less than 10 parts of 
hydrated lime gave glue mixtures with unstable viscosities, 
whereas with the addition of 10 and 15 parts of hydrated lime the 
viscosities were stable at all concentrations of sodium hydroxide 
shown. Increasing the amount of sodium hydroxide from 2 to 6 
parts increased the dry strength somewhat and lowered the wet 
strength. A good compromise therefore is the formula contain- 
ing 15 parts of hydrated lime and 4 parts of sodium hydroxide per 
100 parts of meal. However, any one of the last six formulas in 
Table 1 provides good joints and has good viscosity characteris- 
tics. 

A plywood glue which will produce a joint having a wet strength 
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up to about 80 lb per sq in. can be prepared by the addition of 
lime, sodium hydroxide, and sodium silicate to the peanut meal. 
However, to further increase the water resistance of the glue it is 
necessary to use, in addition to lime, another insolubilizing agent, 
and the most satisfactory one which has been tried is carbon di- 


TABLE 1 A OF SODIUM HYDROXIDE AND LIME ON THE 
VISCOSITY AND PLYWOOD SHEAR STRENGTH OF PEANUT- 
MEAL GLUE WITH A 1:3 RATIO OF MEAL TO WATER? 


Hy- Sodium Plywood shear tests 


drated hydrox- Dry 
lime, per ide per Viscosity in Mac Michael strength Wet 
100 gof 100 ¢ of deg wire No. 26 psi; Wood strength 
meal,g meal,g 0O.5hr 1 hr 2hr 4hr failure “% psi 
3 2 44 52 48 65 308-10 0 
3 4 85 220 300 + ae news wah 
3 6 99 172 
3d 6 48 96 234 300 + 395-16 80 
5 2 37 51 76 191 383-18 128 
5 4 70 115 208 ene i 
5 6 103 187 300 + 
56 6 48 66 105 154 404-10 122 
10 2 50 59 65 8S 398-12 138 
10 4 48 58 68 74 400-13 134 
10 6 78 84 96 88 417-38 136 
15 2 44 45 59 63 396-12 151 
15 4 56 67 74 76 424-26 139 
5 6 81 80 79 63 400-26 121 


@ The amounts of sodium silicate and tetrasulphide were held constant 
at 15 g and 2 ml, respectively, per 100 grams of meal. 
Ratio of meal to water increased to 1:3.25. 


TABLE 2 INFLUENCE OF THE CARBON DISULPHIDE IN 
TETRASULPHIDE* ON THE VISCOSITY AND WATER RESIST- 
ANCE OF PEANUT-MEAL GLUE 


Tetra- -——-Plywood shear tests 
sulphide Viscosity in Mac Mie hael Dry strength Wet 
per 100 g deg, wire No. 26 lb per sq in. strength 
of meal, ml 1/2hr lLhr 2hr 4hr Wood failure, iy ib per sq in 
0 53 432-18 48 
1 52 54. 433-13 118 
2 51 69 71 73 444-15 140 
3 61 97 94 97 412-19 150 


4 Equal parts of carbon disulphide and carbon tetrachloride. 


sulphide (14, 15). Carbon disulphide is recommended for use in 
soybean glue. It is sold mixed with equal parts of carbon tetra- 
chloride to eliminate hazard of fire and the mixture is called 
“tetrasulphide.”” The influence on the plywood shear test of 
carbon disulphide, in the form of tetrasulphide, is shown in Table 
2. 

From the standpoint of cost, viscosity stability, and water- 
resistance the use of 3 parts by weight of tetrasulphide per 100 
parts of meal (2 ml per 100 gm) is satisfactory. 

The complete formula for peanut-meal glue as compared with 
two commercial soybean-glue formulas is given in Table 3. This 
peanut-meal glue formula was used in all the work reported in 
this article, unless otherwise indicated. 

The low water requirement of the peanut-meal glue is impor- 
tant because it permits the addition of less water to the veneer in 
the gluing operation, with the result that less water need be re- 
moved from the plywood in the drying tunnels than is necessary 
with glues which contain larger amounts of water. 


TABLE 3 COMPARISON OF THE FORMULA DEVELOPED FOR 
PEANUT-MEAL GLUE WITH FORMULAS OTHER WATER- 
RESISTANT PLYWOOD GLUES 


(Quantities shown are parts per 100 parts of meal) ; 

Commercial 

soybean glue 
fortified 


SRRL Commercial with casein 
peanut-meal soybean-meal and blood 
glue glue albumin 
Sodium hydroxide 4 7 5 
Hydrated lime 15 3 12 
Sodium silicate: 
Philadelphia quartz N brand 
or equivalent 15 15 25 
Tetrasulphide 32 3 
Water 300 390 355 
2 Ce per 100 g. 


. 
Wo 


Analysis of meal——~ 
% of tota 
meal N 


Conditions used 
—to prepare meal—~ 


Ratio of 


Two lb water added to 50 lb peanut flakes before cooking. 


CuHoice oF MEAL 


As pointed out, the processing conditions employed to prepare 
peanut meal have considerable influence on the suitability of the 
This is shown by the data pre- 


meal for use as a plywood glue. 
sented in Table 4. 

The solubility of the protein in peanut meal varies with varia- 
tions in the processing conditions employed to cook and press the 
rolled meats. This variation referred to as degree of denaturiza- 
tion, can be estimated from the percentage of the total meal 
nitrogen which is soluble in 1 molar sodium-chloride solution (16). 
Most commercial hydraulic-press peanut mesls appear by this 
test to be appreciably denatured (low nitrogen solubility) as in- 
dicated in Table 4 and in an earlier publication (17). If the 
meals in Table 4 are divided into those which have a nitrogen 
solubility in 1M sodium chloride of 69 per cent or better (group I) 
and those which have a lower solubility (group II) it can be seen 
that the meals in group I make more satisfactory glues than 
those in group II. In most cases both dry and wet plywood 
strengths as well as the block shear.strength is low when glues 
prepared from meals in the low-nitrogen-solubility group are 
used, the low wet strength being especially marked. The lower 
test values in group II are probably due, in part, to the necessity 
for using more water in preparing the glue mixture when the pro- 
tein in the meal has been appreciably denatured. It is also pos- 
sible that denaturization inactivates some of the groups in the 
protein molecule which are capable of reacting with lime and 
carbon disulphide to increase water resistance. 

An examination of the conditions of time and temperature 
used to prepare commercial meals 1 and 6 (group I) shows that 
maximum cooking temperatures of 210 to 215 F for 76 to 80 
minutes provide conditions for satisfactory oil recovery and at 
the same time produce a meal which is suitable for use as a ply- 
wood glue. 


Nevertheless, application of these conditions may not produce 
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4 INFLUENCE OF PROCESSING CONDITIONS USED TO ea THE MEAL ON ITS SUITABILITY FOR USE AS A PLYWOOD 
GLUE 


+ Ten parts peanut oil added to 90 parts solvent-extracted meal in order to prevent the glue from foaming in the spreader. 
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Block 


-—Plywood shear tests— 
shear tests 


Viscosity, ry 
strength, psi; Wet 


Cooking Maximum Protein — soluble meal to water Mac Michael deg strength, psi; 
Meal time temp oe! in IM Lipids in glue — Wire No. 26 — Wood strength Wood 
no. min, F 6.25) % NaCl // mixture /ghr tLhr 2hr 4hr failure % psi failure % Group 
Commercial hydraulic-press meals 
1 76 215 58.4 81.0 10.5 1:3.0 44 65 90 113 417-15 147 3234-16 I 
2 108 240 43.8 44.3 7.0 1:3.46 42 47 51 49 298-12 27 1915-29 II 
1:3.25 64 68 71 66 322-12 
3 90 235 50.2 52.0 7.6 1:3.46 37 38 38 39 366-12 113 2550-17 II 
to 238 1:3.25 56 59 64 60 337-16 (> Fees Pee 
4 ; , 53.3 38.6 7.2 1:3.46 54 58 58 59 334-10 119 2741-42 II 
5 P : §2.2 60.8 6.7 1:3.46 38 42 52 55 360-12 122 2780-32 II 
1:3.25 51 49 48 43 396-19 
1:3.00 98 103 94 75 365-83 
6 80 210 51.0 70.9 8.2 1:3.25 40 50 62 72 342-17 —— 0l St I 
1:3.00 53 71 81 wa 358-17 194 2780-22 
< 14.8 63.2 8.8 1:3.46 72 84 97 104 298-13 153 2242-20 II 
1:3.46 63 77 80 335-17 ae 
Ss 52.5 45.5 7.0 1:3.46 58 60 70 397-17 Jer II 
1:3.46 60 65 75 78 361-15 139 2295-16 
Commercial expeller meals 
7 0 55.3 1:3.67 41 44 54 56 358-13 Il 
1:3.34 97 99 97 91 397-11 79 2823-15 
10 . ee 48.2 17.5 10.9 1:3.46 118 126 143 142 319-11 we ares II 
Pilot-plant hydraulic-press meals made from 2-year-old nuts@ 
1 60 219 3.6 75.8 84 1:3.25 50 66 76 93 490-14 155 3378-11 I 
12 60 240 54.6 69.2 8.5 1:3.25 55 71 80 91 374-23 152 3529-16 I 
18 80 262 54.2 37.7 12.8 1:3.25 76 8 106 119 345-14 101 2909-3 II 
Pilot-plant hydraulic-press meals made from fresh nuts? 
14 60 220 52.5 72.3 7.0 1:3.25 38 42 49 62 325-14 110 - I 
1:3.00 65 81 97 111 398-25 143 2956-19 
1:3.00 63 80 107 113 374-11 
i 60 240 53.7 69.4 8.0 1:3.25 44 48 55 62 340-15 CC I 
1:3.00 54 64 76 86 368-16 147 2829-6 
262 52.8 10.9 10.8 1:3.25 59 67 72 80 396-19 II 
1:3.25 62 65 74 81 389-12 134 3045-22 
17 60 225 51.9 76.0 8.3 1:3.00 53 59 75 76 400-29 155 3308-39 I 
Solvent-extracted meal 
18 Not cooked 57.3 89.5 10.06 1:2.9 45 54 74 85 397-30 148 wees I 


a satisfactory meal in all oil mills, and specific directions for pre- 
paring meal cannot be given. Each mill will need to determine 
the best procedure for preparing a meal in which 70 to 80 per 
cent of the total nitrogen is soluble in 1M sodium chloride. As 
a further check a plywood-glue test should be made with meals 
which meet the solubility specification. The complete specifi- 
cations for meal which has uniformly given good results when 
used as a plywood glue follow: 


Protein (N X 6.25) 

Percentage of total meal N 
soluble in 1M sodium chlo- 
ride 

Sieve test 


50 per cent minimum 


70 per cent minimum 
80 per cent or more throug): 

200 mesh 
Oil 6 per cent minimum 

The meals listed in Table 4, Nos. 11-17, were prepared in « 
pilot-plant special-model hydraulic press. Our experience and 
that of others have shown that meals prepared in a small mill may 
differ considerably from meals prepared under the same cooking 
and pressing conditions in a mill of greater capacity. Although 
a satisfactory meal can be prepared in the pilot plant by heating 
rolled meats to temperatures as high as 240 F for 60 min (meals 
Nos. 12 and 15) it would be unsafe to conclude that these condi- 
tions would yield the same results in a larger mill. 

It is probable that the amount of water present or added to the 
flaked peanuts and the rate at which the water is driven from 
the flakes during the cooking operation accounts for the difference 
in the degree of denaturization of the meal obtained in various 
mills even though the cooking time and temperature remain the 
same. Fontaine, Samuels, and Irving (16) have shown the in- 
fluence of water vapor on the degree of denaturization of the 
protein in cooked peanuts. 

Peanut shells are incompletely removed prior to processing or 
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are later added to peanut meal which is intended for use as feed, 
the minimum protein (N X 6.25) requirement being 48 per cent. 
The presence of shells in meal intended for use as plywood glue, 
however, acts as a filler and should be avoided. The soybean- 
plywood-glue manufacturer pays a premium in order to obtain a 
meal which has a high protein content. The peanut-meal 
manufacturer should have no difficulty in preparing a meal con- 
taining 50 per cent or more protein (N X 6.25) for use in prepar- 
ing plywood glue. 

The first series of pilot-plant meals was prepared from peanuts 
which were two years old. It was advisable therefore to repeat 
the tests when a fresh stock of peanuts became available. Re- 
sults indicate that the age of the seed used has no influence on the 
gluing characteristics of meal. 

Solvent-extracted meal (meal No. 18) can also be used for pre- 
paring plywood glue. It is necessary, however, to add oil to the 
glue made from this type of meal in order to prevent excessive 
foaming in the spreader. 


INFLUENCE OF Various Factors ON THE GLUING CHARACTERIS- 
TIcs OF PEANUT-MEAL GLUE 


A satisfactory plywood glue must produce a good joint with the 
equipment and under the conditions ordinarily encountered in 
the plywood factory. 

The temperature of the glue room and of the water used to 
prepare plywood glue varies considerably. It was therefore of 
interest to determine the influence of temperature on the viscos- 
ity of peanut-meal glue. The results shown in Table 5 indicate 
that within the range of 65 to 95 F temperature has little in- 
fluence on the flow properties of peanut-meal glue. 


TABLE 5 EFFECT OF TEMPERATURE oF THE VISCOSITY OF 
PEANUT-MEAL GLU 


Temperature at which Viscosity, cainilai degrees 


glue was prepared and -————_ Wire No. 26— 
eld, F hr lhr 2hr 4hr 
65 50 62 66 76 
a0 53 59 75 76 
85 62 72 86 77 
95 59 72 82 71 


TABLE 6 EFFECT OF AGE OF THE PEANUT-MEAL GLUE MIX- 
TURE ON PLYWOOD SHEER STRENGTH 


Plywood shear tests 
Dry strength, psi 
Wood failure, % 


Age of glue, hr Wet strength, psi 


1 405-25 132 
2 407-14 128 
3 392-10 115 
4 396-14 104 


The influence of the age of the glue mixture on the results ob- 
tained with a peanut-meal glue is shown in Table 6. Test panels 
were prepared with the glue at the end of 1, 2, 3, and 4 hours. 
The wet strength obtained was somewhat low to begin with and 
decreased to some extent with age. 

In the manufacture of plywood the glued veneer is stacked until 
a press load is accumulated, an operation usually requiring 10 to 
20 minutes. If a glue is too fluid, an excessive amount may be 
absorbed by the wood during this period or an excessive amount 
may be squeezed out when the glued veneer is placed under 
pressure. If the glue is too viscous, absorption of water by the 
wood may lead to the production of a dry joint, with the result 
that a thick film of glue and a weak bond are obtained. The 
influence of the closed assembly time on the strength of the bond 
obtained with a typical peanut glue is shown in Table 7. The 
results indicate that an assembly time up to 15 minutes gives a 
strong bond. This is an acceptable assembly period. 

The yellow birch used for plywood tests varies considerably in 
color, from white through yellow to red, depending on whether 
the veneer is cut from sapwood or from heartwood. Since the 
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TABLE 7 veeiieeati | di CLOSED ASSEMBLY TIME ON PLY- 
OD SHEAR TESTS 


Dry strength psi; Wet strength 


Closed assembly 


time min Wood failure, % psi 
5 414-24 159 

10 397-38 147 

15 356-21 142 

20 296-22 95 


TABLE 8 EFFECT OF PRESSURE ON JOINTS MADE WITH A 
SINGLE LOT OF PEANUT-MEAL GLUE APPLIED TO RED, 


YELLOW, AND WHITE “YELLOW BIRCH” VENEER 
(In terms of shear psi; Wood 0) 
Pressure 100 ps psi 00 psi 
“Shear strength failure 

Dry Wet vet ry Wet 
psi-% psi pei-% psi psi % psi 
Red 415-35 131 454-34 139 447-46 142 
Yellow 412-22 148 405-44 150 414-32 128 
White 402-27 138 391-34 153 398-30 151 


color of the wood to be used in tests is not specified in the litera- 
ture, it was of interest to compare woods selected for color, and 
at the same time to determine the influence of pressure on 
joint strength. The results given in Table 8 indicate that joint 
strength is not appreciably influenced by variation in veneer 


color or by variation of pressure within the range ordinarily ap- 
plied. 


CoMPARISON OF PRANUT-MrAL GLUE WitH OTHER WATER- 
REsISTANT GLUES 


A comparison was made of the results obtained with peanut- 
meal glue and those obtained with other water-resistant glues 
as shown in Table 9. 

It was also of interest to prepare test panels with tupelo and 
red-gum woods in addition to the usual birch panels since these 
two southern hardwoods and Douglas fir are used in the greatest 
amounts for the manufacture of veneers in this country. The 
relative amounts (thousands of feet, log scale) of these woods 
consumed in 1937 for the manufacture of veneers was: Douglas 
fir 306,299, red gum 213,654 and tupelo 170,438 (18). 

An examination of Table 9 reveals that peanut-meal glue is 
equal to soybean-meal glue when tested according to the official 
birch-plywood test and also when tupelo and red gum are used. 
Although the results reported in this investigation appear to in- 
dicate that the peanut-meal glues tested are slightly superior in 
most cases to the soybean-meal glues tested, the number of soy- 
bean-meal glues examined is too small to justify concluding that 
there is any significant difference in these two oilseed-meal glues. 
It is also probable that optimum conditions were not always em- 
ployed in gluing the three woods with the two glues. The casein 
glue examined as well as the mixture of casein, blood, and soybean 
meal are in most instances superior to the oilseed-meal glues. 

The satisfactory results obtained by gluing tupelo and red-gum 
veneers with peanut-meal glue and the proximity of these south- 
ern hardwoods to the raw material for preparing peanut-meal- 
glue presents an opportunity of mutual advantage to southern 
agriculture and the southern plywood industry. 


INFLUENCE OF ADDED BLoop ALBUMIN AND OF Hot-PRxEsSING 
ON PEANUT-MEAL GLUE 


Blood albumin is sometimes added to soybean-meal glues to 
increase their water resistance. Glues with or without added 
blood may be heated in hot presses after the glue joint has been 
prepared in the usual manner by holding the glued product under 
pressure for several hours. Therefore preliminary tests which 
show the effect of hot-pressing at two temperatures and the ef- 
fect of adding blood to peanut meal, as shown in Table 10, may 
be of interest. 

Hot-pressing of plywood prepared with peanut-meal glue at 
180 F has little effect, but raising the temperature to 240 F in- 
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TABLE 9 COMPARISON OF PEANUT-MEAL GLUE WITH OTHER WATER-RESISTANT GLUES WHEN APPLIED TO VARIOUS WOODS 


Change with time 

in hours Wood 
1 2 4 failure % 

77 364-12 

367-14 

393-26 

396-15 

396-30 

495-30 

523-43 


Description of meal or Lot 
glue used no. 


Peanut-meal glue 


Commercial soybean-meal 
prepared for use as ply- 
wood glue.® 

Casein-glue mix ready for 
use upon addition of 
water. 

Casein-glue mix contain- 
ing blood and soybean 
meal, 


48 67 
15 47 


489-36 
409-22 


@ MacMichael degrees; wire no. 26. 
+6 Used as recommended by manufacturer. 


Wet 
strength, psi; strength, psi; otrength. oat: strength, psi; strength, psi; strength, psi; strength, psi; 


failure % 


or ~ 


Red gum 
Dry Wet 


Block 
Dry Wet 


shear tests 


ood Wood Wood Wood Wood 
failure % failure % 


327-23 91 
374-41 138 
401-7 0 
268-44 112 
274-43 143 
408-25 138 
357-70 185 


failure % failure % failure % 


340-21 
251-28 


166-10 
138 


TABLE 10 EFFECT ON PLYWOOD SHEAR STRENGTH OF ADDING DRIED BLOOD ALBUMIN TO 
PEANUT MEAL AND OF HOT-PRESSING 


Ratio of meal to water in glue mix 

Carbon tetrasulphide, ml per 100 g meal 

Viscosity at '/2, 1, 2 and 4 hours (MacMichael de- 
grees, wire no. 26) 

Plywood shear tests: 

ry strength psi; wood failure, per cent 

Wet strength psi 

Shear tests on alyweed hot-pressed at 180 F:¢ 
Dry strength psi; wood failure, per cent 
Wet strength psi 

Shear tests on plywood hot-pressed at 240 F:4 
Dry strength psi; wood failure, per cent 
Wet strength psi 


Peanut-meal 


59, 68, 77, 77 


Peanut meal, 
90 parts;° 
blood albumin, 
glued 10 parts 
1:3 1:3.25 

2 1.5 


42, 103, 155,— 


414-10 
170 


430-19 


Peanut meal, 
80 parts; 
blood albumin, 
20 parts 
1:3.25 
None 


180, 180, 188, 170 


417-23 
166 


454-16 
224 


553-41 
260 


396-9 
135 


56 202 
464-39 
177 


504-25 
232 


® Plywood dried overnight at 150 lb per sq in. pressure and subsequently hot-pressed at 150 lb per sq in. for 


10 min at the temperature shown. 
Formula given in Table 3. 
¢ Formula given in Table 3 with exceptions noted. 


creases both the dry and wet plywood shear strengths. The 
addition of 10 and 20 per cent of blood albumin to the peanut 
meal increases the shear strength both before and after hot-press- 
ing for 10 min under 150 lb per sq in. pressure at 180 and 240 F. 
In each case the panels were held at 150 lb per sq in. pressure over- 
night before they were hot-pressed. 

The presence of blood albumin increased the viscosity of the 
glue considerably thus making it necessary to increase the amount 
of water; at the same time it decreased or eliminated the need 
of tetrasulphide. 


PLANT-ScALE FoRMULA AND DETAILS FOR PREPARING THE GLUE 
MIXTURE 


The formula recommended for preparing plant-scale batches 
of peanut-meal glue is as follows: The ingredients are added in 
the order listed: 


Water, 200 lb 

Peanut-meal flour, 100 Ib 
Add flour to water and stir to a smooth paste. Then add 

Water, 55 lb 

Hydrated lime, 15 lb mixed with 35 lb of water 

Caustic soda, 4 lb dissolved in 11.5 lb of water 

Tetrasulphide (equal parts carbon disulphide and carbon tetra- 
chloride) (1 qt) 3 lb 

Stir for 2 minutes and add silicate of soda (Philadelphia ‘‘N” 
brand or equal), 15 lb. Stir for a few minutes and use. 


A spread of about 150 pounds of wet glue per thousand sq ft, 
3-ply basis, and a pressure of 150 lb per sq in. is satisfactory for 
gluing plywood. 

The foregoing formula is for application to dry hardwood ven- 
eers. It may be necessary to alter the water content of the glue 
when gluing softwood veneers or wet veneers. 

Peanut-meal glue was tried on a plant scale in a commercial 
plywood factory. The glue performed well throughout the proc- 
ess and gave as good or better joints with poplar and black-gum 


veneers as did soybean-meal glue which was used under the same 
conditions on the same lots of veneer. 


SuMMARY 


Specifications have been developed for peanut meal which is 
suitable for use in preparing plywood glue. 

A glue mixture has been developed which has good flow proper- 
ties and which is accommodated to ordinary gluing schedules for 
this type of glue. Joint tests show that the peanut-meal glue 
meets the requirements established for casein and casein-type 
glues. 
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Locomotive Fuel From the Coal-Man’s 


Viewpoint 


By C. F. HARDY! 


The sizes of coal for locomotives and the preparation of 
coal, screening, and segregation are discussed in this 
paper, It is suggested that from an engineering stand- 
point coal specifications for locomotives should be stand- 
ardized because of the changes in equipment and con- 
struction, and that extensive tests should be made. 


‘ ‘ Y HEN the credit for winning World War II is appor- 
tioned a large share will be given to the coal-burning 
steam locomotive. With a tremendous task to do, 
using to a large extent different sizes and types of coal from those 
that were formerly furnished, the railroads were able to keep the 
nation’s freight and passengers moving. Probably no other ma- 
jor coal user had so much dislocation of normal coal supply as did 
the railroads. Of necessity a great part of the coal which could 
be used for by-product, special purposes, or domestic use, was 
taken out of railroad fuel and replaced in the main by smaller 
sizes or lower quality. It is doubtful if any other type of fuel- 
burning equipment than the steam locomotive could have been 
operated under such adverse circumstances. 

Now that the war is over, the possibility of improving sizes, 
type, and preparation of the coal for locomotive use is again per- 
tinent. There have been tremendous advances in the practices 
of coal preparation and coal cleaning in recent years. From the 
simple bar screens of a few decades ago, coal-screening plants 
can now produce any practical size of coal. Along with this 
trend of sizing coal has come the study of its impurities and the 
best methods of removing these. Some coal-producing districts 
have installed more cleaning plants than others. This trend has 
been reflected in the type of coal furnished for locomotive use 
from these producing districts. These questions naturally arise: 
Why cannot all railroad coal be standardized as to size and 
preparation? Is it feasible for either the railroad or the coal in- 
dustry to standardize locomotive coal? Will it help the perform- 
ance of present or future locomotives? 

The economics of the problem are bound up with the well- 
known interdependence of the railroads and the coal industry. 
A few details will suffice to show this interdependence. The 
railroads are the coal industry’s best and most consistent custom- 
ers and have bought during the last decade approximately 21 
per cent of the total annual coal production. The railroads, by 


purchasing sizes which are temporarily not in demand, have per- 


mitted many mines to keep in regular production, whereas other- 
wise they would have to operate sporadically due to the lack of 
markets for one or more sizes. This effect is also shown by the 
fact that the monthly stocks of coal which the railroads carry 
have varied from month to month as much as 40 per cent, plus 
the fact that they buy widely varying sizes of coal. The other 
aspect of the interdependence is that the coal industry is responsi- 
ble for supplying the railroads with 20 per cent of their total 
gross freight revenue in normal years and more than 80 per cent 
of the railroads’ total annual fuel requirements. 


_ ' Chief Engineer, Appalachian Coals, Inc., Transportation Build- 
ing, Cincinnati, Ohio. Mem. A.S.M.E. 

Contributed by the Fuels and Railroad Divisions and presented at 
the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 


Sizes or Coan Now Usep RECOMMENDED FOR LOCOMOTIVE 
FIRING 

A complete analysis of sizes of coal used by locomotives en- 
titled ‘1937 Railway Locomotive Fuel” (1)? was prepared by the 
former Bituminous Coal Division. Two hundred and fifty-two 
different size designations were shown in this report. A less 
elaborate compilation was made for 1944 and apparently it agrees 
fairly well with the 1937 figures. In 1937, 445 railroads used 
89,935,580 tons of bituminous coal for locomotive fuel. This 
tonnage represented 82.6 per cent of all locomotive fuel, including 
fuel oil, anthracite, and wood. The coal came from all but one 
of the 23 coal-producing districts set up by the Bituminous Coal 
Act of 1937. (See map.) 

Table 1 shows the amount of on-line, off-line, lake, tidewater, 
truck, and river, total railroad fuel, and the percentage of the 
districts’ production going to railroad fuel. Of the major pro- 
ducing districts, District No. 7, Southern low-volatile, showed 
the smallest percentage (1.8 per cent) used for locomotive fuel. 

Table 2 gives a breakdown by size groups of the total of all 
districts and of the six largest railroad-fuel-producing districts. 
From this table it is seen that run of mine and resultant run of 
mine of more than 4 in. top size are used to a larger extent than 
any other size coal both off-line and on-line. Off-line locomotive 
coal is bought on the open market and in this case the railroad 
has no specific interest in the coal producer. The railroad is free 
to specifiy the size it regards best for locomotive performance. 
In spite of this, there is little difference in the sizes bought off- 
line and those bought on-line. This total, 52,618,116 tons, is 
almost 6'/, times as much tonnage as is in the next-larger-size 
group. Also, more of it is produced for locomotive fuel than any 
other size in each district, except District Ne. 11, Indiana. (See 
first line of Table 2.) 

Table 3 is included to show the comparison of the amount and 
sizes of locomotive fuel produced by each of the foregoing six dis- 
tricts and also District No. 9, Western Kentucky. The size 
groups of coals were fairly consistent with the run-of-mine sizes 
showing the largest increase. 

In view of the recommendations in the literature for modified 
screenings or screenings with part of the fines removed, it is sur- 
prising that only about 492,000 tons out of the 6,700,000 tons of 
screenings were modified. (See second line of Table 2.) Even if 
the size listed as ‘“‘nut” (see tenth line of Table 2) which might 
better be included as modified screenings, were included, it would 
bring the total up to only about 7,500,000 tons. The widespread 
use of mine run is substantiated by a series of tests run at the 
University of Illinois in 1917 which showed that mine-run coal 
(actually 5-in. resultant) is best suited for locomotive use. This 
series of tests also showed that 2 X 3-in. nut gave good evapora- 
tion at high rates and the lowest cinder loss (2). 

Zern (3) and Robinson (4) show agreement fairly well on 5-in. 
or 6-in. resultant mine run with a limit of 23 per cent of minus 
lin. or °/,in. Woodrich (5) advocates that the coal supplied for 
hand-fired locomotives should be of plus 1'/2 in. or 2 in. when it 
leaves the mine. He states that the use of these coals would 
stimulate the coal producers to greater efforts in moving the 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 1 LOCOMOTIVE FUEL BY DISTRICTS, 1937 P . 
er cen 
Lake, Total all to loco- 
tidewater, Total coal prod. motive 
District On line Off line truck, river R. R. fuel by district fuel 
1 Central Penn............ 5,294,963 4,026,843 28,578 9,350,384 41,106,000 22.7 
2 Western Penn........... 7,633,309 1,757,774 345,217 9,736,3' 72'253.000 13.5 
3,113,145 4,710,128 495,977 8,319,250 24,010,000 34.6 
64 4,569 5,151 39,720 562,000 
6 Panhandle.. cous 59,055 16,670 141,815 1,017,540 4,203,000 24.2 
7 Southern low-volatile. ae 894,419 31,669 42,654 968,742 54,275,000 1.8 
8 Southern high-volatile.... 7,552,729 5,019,310 633,058 13,205,097 91,874,000 14.4 
9 West Kentucky......... 2,140,591 413,681 5m 2,554,272 ,563,000 8 
__ SES 12,027,277 2,899,641 14,926,918 51,602,000 28.9 
J 79/1 1,277,341 5,156,527 17,765,000 29.0 
638,558 84,3 722,87 ,637,000 19.9 
2,716,951 984,341 3,701,294 13,459,000 27.5 
14 Arkansas, Oklahoma..... 146,493 3,665 421 150,579 1,967,000 .e 
15 Missouri, Kansas........ 1,576,170 488 200 1,884,858 9,038,000 20.9 
eae 82,818 2,312 166 85,296 2,510,000 3.4 
1,451,611 476,108 1,927,719 ,515,000 5.0 
18 Arizona, ned a 61,436 31,79 93,228 4,000 33.2 
19 Wyoming.. 4,144,510 23,446 4,167,956 5,918,000 70.4 
err 423,300 344,335 67,5 3,810,000 20.1 
a reer 1,946,721 171,502 2,118,223 2,965,000 71.4 
23 Oregon, and 
Alask 509,751 24,365 534,116 2,139,000 25.0 
TOTAL 61,929,963 24,996,383 3,009,234 89,935,580 445,531,000 20.2 


TABLE 2 SIZES FURNISHED IN 1937, TOTAL ALL DISTRICTS AND SELECTED DISTRICTS, FOR LOCOMOTIVE FUEL 


Selected districts 


Description of sizes: All districts 1 2 3 4 8 10 ll 
Straight ROM and resultant On line 36,931,188 4,562,109 5,702,762 2,495,088 2,980,489 2,524,687 6,096,612 743,479 
Pa. — 4’ ‘op -. ar Off line 15,686,928 2,302,055 1,114,164 3,060,740 1,992,274 3,879,129 1,353,285 457,206 

top! On line 6,220,594 21,288 253,816 10,542 95,447 3,316,455 1,638,073 85,026 
510,559 51,190 18,936 16,610 32,079 81,582 56,265 180,655 
Chunks, top size 7” to 6” bot- } On line 5,751,358 133,323 170,960 398,125 310,883 152,091 1,585,563 1,532,355 
tom size more than 7/s”.... § Off line 2'582,213 215,812 273,993 314,257 1,828 174,841 883,593 383,0. 
Egg, top size 5” fo 3” bot. size ) On line 4,658,202 14,927 252,295 12,179 998,392 466,008 2,034,718 605,041 
more than 7/5” Off line 2,784,823 320,690 116,757 611,040 218,581 489,214 363,212 163,956 
ROM in. ‘and 4) On line 3,080,414 67,567 334,882 4,61 51,960 627,411 5,242 102,238 
tema, bot. size 3” to 1/4” top } On line 2,559,498 291,301 297,319 78,627 167,113 338,048 207,214 494,258 
Off line 1,052,794 191,622 331,575 72,801 47,197 17,795 83,094 
Steen, bot. size more than 6 | On line 856,078 31,150 106,095 8,664 6,644 157,698 196,856 

ROM, top size 8 to 10 in.; in- } On line 756,847 435,834 4,261 1,810 51,245 45,169 82,294 

cluding crushed and m ff line 303,531 21 801 30,587 129,2: 414 103 

as “ea top size 1 in. “or } On line 603,319 163,702 ‘44, 675 3,458 119 21,155 37,033 36,875 

Nut, top size 2?/, in. to 1 in., | On line 512,459 40,746 109, "18 157 17,524 48,985 219,955 764 

bot. size more than 28 mesh § Off line 367,432 105,457 878 219,152 318 6,405 20,473 8,042 

Total 89,935,580 9,350,384 9,736,300 8,319,250 8,307,150 13,205,097 14,926,918 5,156,527 


Source: Bituminous Ceal Division, ‘1937 Railway Locomotive and Powerhouse Fuel,” Preliminary Analysis, Jan. 16, 1939. 


TABLE 3 COMPARISON OF LOCOMOTIVE FUEL BY SIZE GROUPS, YEARS OF 1937 AND 1944 FOR SELECTED DISTRICTS 


- Selected districts 


Description of sizes Year’ All districts 1 2 3 4 8 9 10 1l 
Lump coal and double-) 1937 19,374,808 877,083 1,163,598 1,624,531 1,952,807 1,647,493 692,365 5,025,141 3,410,057 
screened top size over 2 in.. 1944 34,623,236 499,046 1,886,401 4,636,788 1,932,403 1,335,446 1,169,257 12,483,640 8,018,754 
Double-screened top size not) 1937 1,492,155 147,172 170 223,317 82,378 117,153 19,300 705,104 57,61 
exceeding 2 in............. 1944 2,336,088 58,296 176,550 380,497 31,869 479,163 71,201 872,228 154,816 
Mine run and minus resultant) 1937 63,903,181 7,615,848 8,293,585 6,074,051 6,160,233 9,568,849 1,784,920 8,118,499 1,380,24 
top size over 2 in. 944 87,474,978 8,204,731 9,265,025 9.770.851 9,811,046 13,697,020 5.632.733 10,565,071 1.513.507 
Minus cover 1937 4,632,099 74,165 194,280 140,603 111,613 1,787,688 51,466 1,068,038 265,681 
not din 1944 7,808,968 61,072 759,326 108,235 273,352 2,014,524 151,909 2,380,565 419,387 
Minus resultant an uste 
: ; 1937 506,453 178,880 51,667 42 119 26,068 6,221 9,065 36,875 
pen mg « A a aise not ex 1944 986,355 243,786 62,581 130,076 34,008 105,746 77,331 102,392 1,590 
1937 26,884 57,846 1,071 6,059 
Size not reported............ } 1944 752,965 19,261 63,402 43,213 7,439 79,016 3,600 20,888 77,013 
Total 1937 89,935,580 9,350,384 9,736,300 8,319,250 8,307,150 13,205,097 2,554,272 14,926,918 5,156,527 
1944 133,982,590 9,086,192 12,213,285 15,069,660 12,090,117 17,710,915 7,106,031 26,424,784 10,185,067 


®@ 1937 Data rearranged in same size groups as 1944 data from ‘‘1937 Railway Locomotive Fuel.” 
6 1944 Data from Mineral Market Report, M.M.S. No. 1289. 


minus 1'/;-in. or 2-in. sizes. For stoker-fired locomotives, size. For stoker-fired locomotives properly fitted to handle small 


Woodrich recommends an average of 3-in. top size, with no lumps 
more than 8 in. maximum, and a bottom size of 3/, in. 

The International Railway Fuel Association, and likewise the 
Railway Fuel and Traveling Engineers Association, have devoted 
much time to the subject of coal sizes (6). In 1942 the R.F.T.E.A. 
committee on coal sizing recommended run of mine with 
lumps reduced to 4 in. top size as the most economical size for 
use on hand-fired locomotives. For stoker-fired locomotives not 
adapted to handle smaller sizes, “‘properly cleaned coal not to 
exceed 2'/; in. X 0 in.’’ was recommended as the most economical 


sizes, 2 in. X 0 in., or coal with a smaller top size, was recom- 
mended. It was pointed out that minus !/,-in. slack was objec- 
tionable, particularly in the softer bituminous coals, One- 
quarter-inch screenings should not exceed 35 to 40 per cent of 
the total when small sizes are used, according to this committee. 

In 1943 the same committee recommended the use of me- 
chanically cleaned coal because it gave the most efficient and 
economical performance. The principal basis of this recom- 
mendation was the experience of a railroad using coal largely 
from Districts Nos: 10 and 11, Illinois and Indiana, 
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TABLE 4 STEAM LOCOMOTIVES IN SERVICE OF CLASS 1 RAILROADS 
December 31, 1943¢ 


Per cent 


Total in service (A) (B) 100 
No. built before Jan. 1,1910 24 
No. ‘built bet. Jan, 1, 1910, 

and Dee. 31, 1914 23.6 
No, built bet. Jan. 1, 1915, 

and Dec. 31, 1919 18.6 
No. built bet. Jan. 1, 1920, 

and Dee. 31, 1924 a. 
No. built bet. Jan. 1, 1925, 

and Dee, 31, 1929 10.1 
No, built bet. Jan. 1, 1930, 


to 


No, built bet. Jan. 1, 1935, 
and Dee. 31, 1937 L: 
No. built bet. Jan. 1, 1938, 
and Dec, 31, 1942 
No. installed bet, Jan. 1, 
1943, and Dee, 31, 1943 
No. installed bet. Jan. 1, 
1944, and Dec, 31, 1944 


to 


to 


Total 


39,498 
24.9 9,814 


9,330 
7,341 
6,797 
4,008 
and Dec. 31, 1934 2.4 960 
464 
777 
4294 
3294 


Pas- Freight Switch- 

Freight senger or pass. ing 
24,353 6,399 1,738 7,008 
6,183 1,373 275 1,983 
5,742 1,834 212 1,542 
4,995 792 143 1,411 
4,306 1,225 235 1,031 
1,996 790 404 818 
485 176 171 128 
213 94 77 80 
430 115 221 11 


Nore (A) 15,734 of these locomotives are equipped with stokers. 
Nore (B) As of March 31, 1945, 39,658 locomotives were in service of Class I switching 


and terminal railroads. 
switching. 


21,710 were listed as freight, 6318 as passenger, and 11,630 as 


€ Compiled by Traffic Department, National Coal Association, from American Associa- 
tion of Railroads, and Interstate Commerce Commission figures. 


4 No breakdown available. 


The coal specifications set up by the various railroads are not 
standardized. Each road has its own specifications for locomo- 
tive use and these vary widely as to the sizes considered most 
suitable. Some roads may have facilities to further prepare the 
coal before using although the author has no data on this sub- 
ject. 

From the engineering standpoint, standardization of coal 
specifications for locomotives would seem necessary for the fol- 
lowing reasons: 


1 New locomotives, embodying fireboxes of different designs 
and different types of coal-burning equipment, etc., have re- 
placed the older locomotives. 

2 The older locomotives have been changed by the addition of 
stokers, different-type grates, arches, front-end design, etc., so 
that the former sizes of coal are not satisfactory. 

3 Experimental and testing work on locomotives has proved 
that the size of coal should be changed for greater efficiency and 
economy. 


The age and class of service of locomotives now in use are 
shown in Table 4. About two thirds of the steam locomotives in 
service were built before 1919 which would seem to rule out con- 
dition No. 1. These tabulations show that approximately 40 
per cent of the present locomotives are equipped with stokers, 
although the relative age of the stoker-fired locomotives is not 
given, 

That a great deal of work has been done on grate designs, 
arches, and ‘‘the combustion train” generally, is shown by the 
literature. There is no indication that these improvements have 
necessitated the change in sizes or types of coal, but every indi- 
cation is that they have resulted in burning the present sizes and 
types more efficiently. The reduction in consumption of coal 
per ton-mile shown each year is due partially to these improve- 
ments, although increased steam temperatures and pressures, 
improved bearings, roadbed improvements, and fewer and longer 
trains have also helped. 

The experimental and testing work in locomotives quoted in 
the literature is all of considerable age, although the types and 
sizes of locomotives tested are still in service. Undoubtedly other 
work has been done that has not been reported so that the answer 
to our third condition is not readily apparent. 


THE PREPARATION OF COAL 


The basic mining and preparation practices which have de- 
veloped over a period of years in the various coal-producing dis- 


tricts have a vital bearing on the extent to which locomotive 
coal could be standardized without a serious dislocation of 
thecoalindustry’seconomy. Coal is anatural product and varies 
in quality, size consist, and chemical make-up, not only accord- 
ing to the mining district, but according to the mine and even 
from the part of the mine from which it comes. It can be im- 
proved or modified to a certain extent by mining methods and 
after it is mined, but no major changes can be made. 

In 1943 there were, in the United States, 6620 mines, each hav- 
ing a production capacity of more than 1000 tons of bituminous 
coal per year. It is therefore difficult to treat the product of so 
many mines as one subject. No one mine, seam, or coal-produc- 
ing district could conceivably furnish all the railroad coal in the 
country, so that of necessity the same locomotive will have to 
burn coals from widely separated geographic sources, and with 
different qualities and burning characteristics. The growing 
practice of running a locomotive over two or more divisions may 
result in using coals of widely different sources and characteris- 
tics on one trip. 

If coal is loaded by hand, face preparation is practiced, that is, 
rock, bone, slate, and other impurities are not loaded with the 
coal but are rejected by the miner. This is much easier to do with 
hand-loaded coal than when the coal is mechanically loaded, in- 
asmuch as a loading machine has no judgment as to what it picks 
up. The same is largely true of “strip” coal, for in strip-mining 
there is less chance to inspect the coal. 

Once the coal is delivered to the tipple, it can be cleaned in two 
ways: The first and most universal practice is hand-picking, or 
removing the visible impurities manually. Sizes as small as 1 
in. bottom size can be picked, although it is not generally economi- 
cal to pick sizes under 3in. The reduction of impurities by hand- 
picking depends to a large extent on how the impurities are found 
in the coal, the number of pickers employed, and their efficiency. 
In many mines hand-picking does not lower the ash content toa 
great degree, while in many others, where conditions are favor- 
able, a large reduction in ash content is made. It also tends to 
waste considerable coal if the pickings are not cleaned by washing 
afterward (7). 

It is difficult to pick run of mine and resultant, and it is the 
practice in some mines to separate into the various sizes, hand- 
pick or otherwise clean these, and then recombine them. 

The second method, mechanical cleaning of coal, has been 
steadily increasing in popularity. One method of mechanical 
cleaning consists simply of “dedusting’’ or screening out a part of 
the fines and it is practiced in mines where a large percentage 
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of impurities are found in the extremely fine coal. The top size of 
coal removed may be as small as 60 mesh and as large as !/, in. 
Of the 590,177,000 tons of coal produced in the United States in 
1943, 145,575,849 tons, or 24 per cent, were mechanically cleaned. 
Of this total, 85.8 per cent or 124,374,775 tons were cleaned by 
wet-washing, whereas 21,201,074 tons, or 14.2 per cent, were 
cleaned by pneumatic methods. Forty-seven per cent of the 
washed coal was cleaned on jigs and 29.6 per cent was cleaned on 
launders and upward-current classifiers. Of the total coal 
cleaned, 30,326,426 tons were mined from strip pits, 125,313,687 
tons were mechanically loaded underground, and 67,258,305 tons 
were hand-loaded underground. 

Both the wet-washing and air-cleaning processes depend on the 
difference between the specific gravities of the coal and the im- 
purity. The specific gravity varies for both the coal and the 
impurity. The “gravity” of the cleaning medium must be ad- 
justed to remove as much of the impurity as possible without 
wasting excessive amounts of coal. 

Although it is impossible to remove organic sulphur or some of 
the finely divided pyritic sulphur from coal by washing, it is 
sometimes possible to reduce other types of sulphur in high-sul- 
phur coals by more than 50 per cent, depending on the efficiency 
of the washer, the nature of the coal, etc. The ash in high-ash 
coals may be reduced nearly 50 per cent, depending on the dis- 
tribution of the ash-producing constituents, friability of the coal, 
etc. (8). ; 

Air-cleaning of coal is usually confined to the sizes which are 
too small to be satisfactorily wet-washed because of the increase 
in moisture content likely to result from washing fines. For ex- 
ample, at a given mine sizes larger than 5 in. may be hand- 
picked, sizes between 5 in. and 3/s in. washed, and the °/s-in. X 
Q-in. cleaned pneumatically. When all the coal from, for ex- 
ample, 2 in. down is air-cleaned, it is carefully separated into its 
component sizes before being air-cleaned. For example, if it 
is desired to clean 2 X 0-in. coal, it is divided into 2 X 1 in., 
1 X #/,in., */4 X 1/2 in., 1/2 X 1/4 in., and so on, and run over 
separate air-cleaning apparatus. It is difficult to air-clean sizes 
with wide variations, such as 2 in. X 0 in., in one cleaner. 

Mechanical cleaning is necessary and most beneficial to coals 
containing in the raw state a high percentage of ash and foreign 
matter and to mechanically loaded coal. Ordinarily when oper- 
ations in an underground mine are changed from hand loading to 
mechanical loading, there follows an increase in the percentage of 
ash in the coal. When acleaning plant is put in at the same time, 
the net over-all effect would be to perhaps lower the ash content 
by one to three per cent over the average encountered in hand- 
loading methods. The fact that a coal has been washed or air- 
cleaned is no indication of its quality, as the raw coal from one 
seam may be superior to the washed or cleaned from another. 

The average cost of cleaning is given by Campbell (9) as about 
20 to 25 cents aton. There is an economic limit to the amount 
of ash and sulphur reduction which may be made by cleaning. 
Above this, reject losses increase to such a point that it is no 
longer economically justified to clean it. 


ScREENING CoaAL 


The equipment of mines for screening and preparing coals 
varies from mine to mine. This depends somewhat on the size 
of the mine, the amount of coal in reserve or the prospective 
life of the mine, and on the ultimate use for which the coal is best 
suited, or those sizes which will return the greatest over-all reali- 
zation. The problem of screening the coal as it comes to the 
tipple into those sizes which are most in demand and provide the 
greatest return for the combination of sizes made is complex and 
requires both careful study and extensive planning. For ex- 
ample, if the coal from a given mine possesses the peculiar char- 
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acteristics which make it suitable for domestic stoker coal, it 
may be profitable to crush some larger sizes to make stoker 
coal, and not at all profitable to make locomotive fuel. 

Mines with no screening facilities of necessity make run- 
of-mine coal; and mines equipped with bar screens only 
are able to make two sizes such as 5-in. lump and 5-in. re- 
sultant. These mines may be equipped with crushers so that 
coal can be crushed to a given top size. The bulk of the mines 
which sell coal for many different uses are equipped with shaker 
screens and in many cases vibrating screens. A large number of 
sizes may be made by changing the size of the screens, although 
the number of sizes which may be made at one time at a given 
tipple depends on the number of tracks and their usage. The 
average mine probably makes and loads three or four sizes at a 
time. The elaborate modern tipples, particularly where mechani- 
cal cleaning is employed, may make 12 or more sizes simultane- 
ously, part of which are delivered to bins and may be remixed or 
blended from the bins before loading. Mines which make only 
one or two sizes of coal are more likely to be found in the eastern 
area, that is, in Districts Nos. 1, 2, 3, 4, 6, and 8, than it is in Dis- 
tricts in the Middle West, Nos. 9, 10, and 11. 

The practice of furnishing a double-screened washed coal such 
as 6 in. X 1 in., or similar size, to the railroads, is probably fol- 
lowed to a greater extent in Indiana, District No. 11, (10) (79.3 
per cent of locomotive fuel furnished by this district in 1944 was 
double-screened with a top size of more than 2 in.) than any other 
producing district. Districts No. 9 (Western Kentucky), No. 
10 (Illinois), and No. 4 (Ohio) also furnish considerable coal of 
this type. It would probably be most difficult for District No. 1 
(Eastern Pennsylvania), to furnish sizable amounts of double- 
screened coals to the railroads due to the relatively soft structure 
of the coals. Distriet No. 2 (Western Pennsylvania), No. 3 
(Northern West Virginia), and No. 8 (Southern high volatile), 
could furnish a larger amount of double-screened coal and washed 
coal for locomotive use than is the usual practice. This, however, 
would only serve to emphasize the difference in quality between 
these coals and the others which are often used interchangeably 
on the same locomotive. If these districts were to furnish a 
double-screened coal, particularly of a smaller top size, it would 
mean a tremendous investment in screening equipment for many 
of the mines not now so equipped, and it is doubtful that the re- 
sulting small sizes could readily be sold. Many of the smaller 
mines which now make railroad coal exclusively could not afford 
to put in screening equipment, because the acreage available to 
them is limited. Furthermore, if at a normal rate of production 
a mine will work out within the next four or five years the cost of 
screening equipment could not be justified. 

The remainder of sizes in a commercial mine which customarily 
produces block or lump, egg, nut, and 2-in., 1/:-in., or 1'/,-in. 
nut and slack is not seriously disrupted by making run-of-mine 
or a resultant size such as 5 in. X 0 in. for railroad fuel, as the 
total production is utilized in the one or two sizes made at this 
time. If the railroads insisted on a given size, such as 5in. X 
lin., the mine would undoubtedly have too much of either the 
large or small sizes at times and would be unable to operate. 


SEGREGATION AND DEGRADATION 


Perhaps the greatest change that can take place between the 
time coal is mined and used is the segregation of the coal as it is 
handled. Each time it is dumped or conveyed the larger pieces 
tend to roll the farthest, as to the outside of the pile, and the 
smaller pieces tend to stay near the point of dumping. Naturally, 
as the difference between the top size and the bottom size of the 
coal increases, segregation also increases under the same condi- 
tions of handling. Segregation can be greatly reduced by care- 
ful handling, by using nonsegregating chutes and hoppers, by 
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layer-loading, ete., as well as decreasing the difference between the 
top and the bottom size. 

Segregation is often confused with degradation, and with bad 
preparation. The user often finds it hard to believe that the fines 
he discovers in the middle of his coal pile were there when the 
coal was unloaded, and are not a result of the coal “slacking” or 
breaking up. 

According to Fraser (11) the greatest degradation is in the 
handling of plus 4-in. lump coal and this amounts to about 41/2 
per cent. There is very little degradation in the handling of run- 
of-mine, resultant, or screenings, perhaps due to the cushioning ef- 
fect of the fine sizes. The same authority shows that the per- 
centage of fines in the mine-run coal as delivered from the hard- 
structured seams found in Eastern Kentucky and Illinois coals is 
well within the limit set as desirable by several authorities for 
locomotive coal. All percentages are under 40 per cent. Sub- 
sequent handling, such as filling the fuel bins at coaling stations 
and coaling the engines would seem to increase the percentage 
of fines but little. 

BRIQUETTING 

The briquetting of coal for railroad use in this country has been 
suggested and extensive tests were run by the U. S. Bureau of 
Mines in 1908 (12). The first tests were run on No. 3 Pocahontas 
coal both in the mine-run form and briquetted. As would be ex- 
pected from the burning characteristics of this coal, the bri- 
quettes worked out much better than did the mine run, primarily 
due to the smaller amounts of fines. 
tried from a wide number of coals and general improvement in 
burning rates were reported. Apparently then, as now, the 
higher cost of the briquettes as compared to the cost of raw coal 
made their use uneconomical. Further research in briquetting 
methods may in time reduce the processing cost to a more prac- 
tical figure. 


Later, briquettes were 


CONCLUSIONS 

Railroad locomotive fuel is such a large part of the total coal 
production of the United States that one standard size could not 
be screened out of the coal as mined without changing the sizes 
of coal furnished to all other coal users. The mere elimination of 
all the fines below a certain size would immediately lead to the 
accumulation of tremendous tonnages of this coal which could 
not be sold in a normal market. 

The present practice of furnishing mechAnically cleaned or 
double-screened coal for locomotive use is confined primarily to 
those districts where the practice of cleaning has grown over a 
number of years, due to greater mechanization of the mines, and 
to some extent to the large amount of impurities in the raw coal. 
Mechanical cleaning of coal has been developed to a greater ex- 
tent in some districts and this naturally has resulted in a greater 
proportion of the locomotive fuel being cleaned. It is true that 
the trend is in the direction of more careful sizing and cleaning 
of coal, but it is equally true that all coal mines cannot be changed 
over immediately to produce a standard size of locomotive fuel. 
In many cases the raw run-of-mine or resultant sizes from one dis- 
trict will be equal or will be superior to the cleaned or double- 
screened sizes from another so that there may not be an actual 
advantage in having the size standardized. 

No other type of coal-burning equipment is capable of being 
operated with such a wide range of size and quality of.coals as 
the coal-fired locomotive. This has helped both the railroads 


and the coal industry but has also allowed in some cases the 
buying and furnishing of inferior quality and preparation when 
better grades were available. 

In view of all the factors involved, it would seem that extensive 
tests should be made, using the different types and sizes of coal 
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in the various sizes and types of present-day and new locomotives 
so as to determine the best performance under road conditions 
with as many sizes and qualities of coal as is possible. The pub- 
lished data are so inconclusive that such a procedure would seem 
prerequisite to making major changes. There is no question 
that the coal industry is willing to do anything within its power to 
arrive at the solution ot this very important problem of locomo- 
tive fuel. 
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Discussion 


E. D. Benton.’ The value of*coal as a locomotive fuel is de- 
pendent upon several factors, (1) size consist, (2) calorific value, 
(3) price per ton, (4) per cent of ash, (5) ash-softening temperature. 

Which one of the foregoing factors belongs in No. 1 position 
depends on the limitations of the other four. The fact that a lo- 
comotive can burn almost anything that is black is legend. This, 
in turn, has worked to the disadvantage of the steam engine and in 
favor of the Diesel. The availability or distance which a loco- 
motive can operate is governed in no small part by the fuel it 
consumes. If the coal is high in ash there is a definite mileage 
limit when it must either be taken out of service and another en- 
gine substituted or it must suffer lengthy terminal delays while 
its ashpan and fire are being cleaned. If the fusion characteris- 
tics of its ash tend to promote slagging of the tube sheet, the en- 
gine is limited in mileage and must be taken out of revenue. serv- 
ice, its fire killed and the honeycomb removed. It is often pos- 
sible to favorably alter slagging difficulties by the use of double- 
screened coal or limiting the amount of smaller sizes and extreme 
fines. However, double-screened coal, after passing through 
storage piles and the resulting multiple-handling, suffers considera- 
bly in size consist by the time it reaches the stoker conveyer 
screw. 

Motive power is a tool and its value is measured by the amount 
of revenue-tons of freight or passenger-car-miles hauled. This 
sounds like a trite statement, but let us expand it a little further. 
In the case of coal traffic, the tonnage moved from the mines de- 
pends on the ability of the coal mine to produce and sell its prod- 
uct. In normal markets, production capacity is usually in ex- 
cess of market demands, resulting in mines not producing because 
of “no bills” on certain sizes. If the railroads are able to step in 
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during stress periods and purchase such sizes as to relieve the 
bottleneck of no bills, then the sizes in demand move to market 
and the locomotive produces revenue. By and large the rail- 
roads take advantage of the steam locomotive’s ability to burn 
a wide variety of coal by purchasing coal sizes not readily market- 
able. Thus the steam engine as a tool may be evaluated in two 
ways. There are, of course, limiting circumstances which may al- 
ter the ability of any railroad in the purchase of certain sizes. 

The number of hand-fired engines and coaling facilities are the 
principal reasons why mine run or resultant mine run are pur- 
chased in such large quantities. Many railroads are unable to 
separate coals from various producing districts or certain sizes 
for specific services. Undoubtedly all producing districts would 
like the top size decreased but appear to be unwilling to do any- 
thing about the bottom size. Skimming the cream off the top 
simply decreases the availability of steam engines, promotes in- 
creased maintenance costs due to cinder cutting, tube-sheet 
slagging, etc., because when the per cent of small-size coal in- 
creases, it in turn causes increased carry-over and finally results 
in an increase in pounds of coal per ton of freight or passenger-car 
mile. Whenever you increase cost and decrease availability you 
simply give the Diesel the “green light.’ 

Because of the way railroad fuel must be purchased and the 
general policy of storing coal during times of slow market demand, 
individual coals lose their identity in storage piles and its size 
consist suffers. But if there are not excessive fines due to the 
top size being sufficiently large when the coal is received for stor- 
age, then the coal from storage to the engine tank will contain 
less fines in spite of the degradation in storage. One thing which 
is not changed in storage is the amount of impurities in the coal. 
It would seem to the writer, since ash is the principal “‘hurdle’’ 
which coal must overcome, that rapid attention be given clean- 
ing plants. If coal had no ash there is considerable doubt 
whether the now competing fuels would be much of a factor. As 
the per cent of ash increases, more and more difficulty is encoun- 
tered until, as a practical matter, one of the measures for the dis- 
tance coal is able to move from the mine is its per cent of ash. 
If the coal industry could supply the railroads with coal of not 
over 8 per cent ash it would have a marked influence on increase 
in availability and decrease in cost of operation. Another thing 
which the coal industry might well undertake is the active re- 
search of an economical method of drying washed coal. Wet 
coal in cold weather is particularly troublesome and if the re- 
moval of surface moisture could be accomplished economically 
the coal industry would make an outstanding contribution, not 
only for the railroads but industry in general, and the coal indus- 
dustry in particular. 


E. C. Payne.‘ Mr. Hardy has made some good suggestions in 
his paper and the writer appreciates this opportunity to emphasize 
those recommendations which will improve the competitive 
position of the coal-fired steam locomotive. 

It has been proposed that extensive tests should be made using 
different types and sizes of coal for optimum performance on vari- 
ous types pf locomotives. In the writer’s opinion such a program 
should be undertaken as soon as possible so that present locomo- 
tives will reach the ultimate in efficiency and reliability and the 
railroads may find it less attractive to consider other types of mo- 
tive power. If it should develop that prepared sizes are superior to 
run-of-mine, it would require a gradual change in the distribution 
of bituminous coal. Mines without screens would be forced to 
make substantial investments for tipple improvements, but this 
would certainly be in keeping with the times, in order that a pro- 
ducer meet all types of competition with coals of similar charac- 
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ter. Considering the standardization of sizes for locomotive 
fuel, it is quite probable that top and bottom sizes should be ad- 
justed to compensate for differences in physical and performance 
characteristics of the coals from different seams and different 
mines. The test program should establish the proper size for 
best performance. The old policy of supplying the railroads with 
run-of-mine and surpluses of any screen size, as a matter of con- 
venience to the producer, undoubtedly has been a contributing 
factor in the failure to get the best results from the steam loco- 
motive. Even the most expert fireman cannot obtain the best 
results unless he is furnished a reasonably uniform quality and 
size with similar burning characteristics for day-to-day operation. 

The statistics cited certainly show that the locomotive has been 
quite versatile in the utilization of practically every size of coal 
produced by the bituminous industry. This versatility has been 
accomplished undoubtedly with a substantial sacrifice in ef- 
ficiency and reliability. The locomotive with all of its limitations 
of weight, combustion space, and variable performance conditions 
should not be required to use just any size or grade of coal. It 
would seem much more feasible to utilize the stationary power 
plant for wide-range size and quality-coal application instead of 
using the railroads for balancing the production at the mines. In- 
dustrial steam-generating equipment has wider utilization flexi- 
bility and there is a definite trend in new power-plant construc- 
tion toward the use of an even greater range of coal size and qual- 
ity. Naturally, any change in the distribution of sizes produced 
by the bituminous industry should be very gradual, but the coal 
industry should co-operate to the fullest extent in improving the 
coal-burning steam locomotive. 

It would also seem desirable that the coal industry co-operate 
with the builders of the modern steam-fired locomotives, and the 
railroads, to give wide publicity to the superior performance re- 
sults that are being obtained by the modern coal-fired engines. 
The public should realize that modern coal-fired engines are also 
pulling modern streamlined trains and that some railroads believe 
that comfort, reliability, and economy are obtainable with the mod- 
ern “iron horse.”” The coal industry must take other active steps 
to preserve the competitive position of the steam locomotive, 
analyzing this railroad-fuel business on an over-all economic basis 
rather than expect any so-called interdependence of the railroads 
and the coal industry to perpetuate the use of bituminous coal. 

AvTHOR’s CLOSURE 

Mr. Benton has brought up a very good point in that railroad 
fuel loses its individuality after it leaves the mine, so that any 
change in standards would have to be made system-wide as far 
as the railroad is concerned, and industry-wide as far as the coal 
industry is concerned. 

I believe that both Mr. Benton and Mr. Payne have made an 
important point in that all coal preparation should be better, and 
that more and more coal will have to be cleaned for railroad use. 
This of course does not get over the hurdle as to the difference in 
the quality of the coal in the various districts, and the fact that 
these coals are mixed indiscriminately and used interchangeably 
many times on the same trip by one locomotive. 

Perhaps when and if the suggested series of tests are made, a 
standard of preparation for each type of coal will be evolved that 
will somewhat equalize the differences in quality and burning 
characteristics. Thus the quality of the coal might be standard- 
ized to some extent from a performance standpoint although the 
size actually used would vary widely as to the district and seam 
involved. 

Let us again re-emphasize that the blind changing of standards 
without such a series of tests would prove nothing but would 
merely cause a tonnage dislocation without guaranteeing an im- 
provement in performance, 
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An instrument is described which has been used to deter- 
mine the location of initial failure in static tensile-test 
specimens. Its particular usefulness in aircraft structural 
development is discussed and technical details of its opera- 
tion are presented. 


N airframe design there are basically two major problems, the 

aerodynamic design, and the design of the structure. The 
structure must be strong enough to withstand the highest 
expected loading and still be as light as possible. It has been 
variously estimated that 1 lb of weight-saving in an airplane is 
worth from 10 to 600 dollars in additional pay-load capacity. 
Certainly weight is at a premium, and for this reason structural 
tolerances and factors of safety or ignorance must be small. 

The usual aircraft structure is quite complex so that much of 
the data for stress analysis must come from empirical tests; and 
after an analysis has been made it is usually checked by addi- 
tional tests. 

For many years the aircraft industry has used strain gages of 
various types to obtain much of these data. However, strain 
gages are useful for measuring relatively small strains over a 
limited area only, and since the strain distribution in the structure 
under test is usually the least known factor, it is difficult to be 
sure that at least one of the strain gages is measuring the highest 
localized strain. Even if a strain gage is in the proper location 
and properly oriented, it may not give a good indication for ex- 
tremely localized strain since a strain gage will average the strain 
over its active area. Of course, failure, when it occurs, is usually 
recognizable. However, even after failure, the location of initial 
failure is not definitely established because an initial failure of a 
weak section will usually cause progressive failure in adjacent 
stronger sections due to the resultant redistribution of the applied 
load. 

In compression tests the failure is usually in buckling, and in 
many cases it occurs slowly enough and with enough warning to 
be easily observed. However, in tension tests in which fracture 
or actual separation occurs, the failure often gives no warning 
and can progress, perhaps, at the speed of sound in the material. 

For example, in a specimen of 24S-T dural, 3 ft wide, a failure 
initiated at one side may be complete in aslittle as 500 microseconds. 
It is highly desirable to locate the origin of such failures exactly. 
Ordinary techniques of obtaining data of this nature with the use 
of high-speed cameras or dynamic strain equipment are not very 
satisfactory because the interval in which the failure can occur 
may be from several minutes to several hours, and real difficulties 
involving film speed and length of film are encountered. 

An ideal instrument for this type of measurement should start 
to record at the instant of initial failure (or slightly before), should 
be reasonably portable, should be simple to operate and install, 
and should have no effect on the strength of the structure. The 
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Rear View 


Fie. 1 INDICATOR 
device, Fig. 1, described in this paper incorporates most of these 
features. 


THEORY OF OPERATION OF THE PIcKuUP 


The pickup or activating elements of the instrument are com- 
posed of small copper wires which are cemented to the surface of 
the structure. It has been determined experimentally that such 
wires, when cemented to aluminum alloy, will fail in tension at 
almost the same time as the structure, Fig. 2, for example. This 
is true even if the wire is more ductile than the structure, because 
at failure the wire is constrained by the cement bond at both sides 
of the rupture, and consequently the strain in the wire is highly 
localized. 

The wire must be small in diameter so that the cement bond will 
be strong in comparison to the wire. It must be large enough and 
of proper material so that its incremental elongation will exceed 
that of the structure. Number 40 annealed copper wire is suita- 
ble for incremental elongations up to about 50 per cent, Fig. 3. 
In practice No. 40 Formex insulated wires are cemented to the 
structure with Goodyear MN28C cement and are spaced usually 
not closer than 4 in. 


THEORY OF OPERATION OF THE INSTRUMENT ‘ 


There are several possible standard methods of recording se- 
quence of failure of the wires but for the most part they are not 
suitable because of the indeterminate time of failure or because 
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of the short time involved during failure. The following method, 
however, has proved practicable: 

Consider first several condensers which are connected in series 
with a battery and resistance, Fig. 4. The sum of the voltages 
on the condensers is equal to the battery voltage at any time 
after closure that is considerably greater than the time constant 
of the circuit. The voltage across each individual condenser is 
determined by its capacity, leakage, and initial state of charge. 

If each condenser is short-circuited by a failure-sequence 
wire, Fig. 5, the charge on each condenser is zero until the 
first wire fails, Fig. 6. When this occurs the voltage across 
the first condenser is 


Ea = Er ¢ — 


At the time of the second wire failure, t,, it will have a voltage 
equal to 
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After ¢, the circuit shown in Fig. 6 is modified by the addition 
of condenser Cz as shown in Fig. 7. The charging rate of con- 
denser C; is changed by the addition of the second condenser. 
After ¢, the expression for 2. is 


—t 
RG, (4 —t)(Ci +C2) 


At this same time the second condenser will begin to charge so 


that 
(ti —t)(Ci+Cs) 
E —e RC: | 
C1+ C2 
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If the condensers are equal in capacity the expressions will be 
simplified to 
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The voltage on each condenser at & when the third wire breaks 
is equal to 


eke —h) 
Ka = Ep | +h =k, + 
Ea = 


and the equation of charge of each of the three condensers is now 
equal to 
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and so on (see Fig. 8). It is easy to see that if the condensers 
are of equal capacity the charge of any one is always greater than 
that on condensers starting to charge at a later time, and always 
less than that on condensers that started to charge at an earlier 
time, Fig. 9. If the leakage is small, the charge on each con- 
denser may be measured after failure by a ballistic galvanometer 
or a vacuum-tube voltmeter, and the sequence of, and interval 
between, the failure zones determined. 

Unfortunately, it is difficult to keep these leakages small if the 
condensers remain attached to the specimen and to the battery, 
Fig. 10. Therefore 10 milliseconds after the failure is complete, all 
circuits to the condensers are opened automatically so that the 
slight remaining leakage will merely decrease the charge, leaving 
the ratios of charge between the several condensers relatively 
unchanged. The condensers are carefully picked for low dielectric 
leakage and for uniformity of capacity. 

Even with the foregoing precautions the time of recording data 
manually for a large number of sequence wires could allow ex- 
cessive leakage. The instrument is therefore provided with an 
automatic stepping relay that scans the condensers and indicates 
first failure with a numbered light. Immediately following fail- 
ure, the scanning relay automatically goes into operation con- 
necting a vacuum-tube voltmeter, which does not discharge the 
condenser, to each condenser successively. If any condenser 
has a charge of 80 per cent or more of the applied voltage a relay 
is actuated, the scanning is stopped, and the corresponding light 
indicates the location of the first failure. 

In case of initial simultaneous wire failures the switch will scan 
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through once and the operator may increase the volimeter 
sensitivity until a stoppage of the scanning relay is effected. 
The number of the wire is indicated as before by the lights, and 
the charge on the condenser is indicated by the meter on the 
front panel. When these data have been recorded the operator 
may continue the scanning to another stoppage by pressing the 
“step” switch to restart and adjusting the sensitivity control. 
As the instrument is currently used, any number of failure- 
sequence wires up to 18 may be attached (if necessary, it may be 


that the second wire to fail may be determined if it occurs as 
much as 2 millisee after the initial failure. This time range may 
be changed to other values by changing the size of the resistor or 
the condensers. 

CONCLUSION 


The device has been used on static tests of aircraft structures 
involving 24S-T, 24S-T86, and plexiglas, and in each instance the 
data obtained were wholly consistent and apparently valid. In 
several cases structural redesign was based, in part, on the indi- 
cations obtained by this method, and improved strength and 
joint efficiency were obtained. 
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Laminated Edge Attachment for Acrylics 


By E. H. SNYDER,’ BURBANK, CALIF. 


As it had been observed that pressure loads encountered 
on such large acrylic parts as canopies, astrodomes, blisters, 
noses, windshields, and the like, caused frequent replace- 
ments, particularly at attachment points, it was deter- 
mined that an improved method of attachment must be 
developed. In this paper is described an improved method 
of edge attachment for the canopy of the P-80 airplane in 
which aerodynamic and cockpit pressure loads have im- 
posed higher loads than usual in thé acrylic canopy mate- 
rial. In tests, laminated edging integrally attached to 
acrylic sheeting consistently approached and in certain 
cases developed the full strength of the cast acrylic sheet- 
ing. 


INTRODUCTION 


N examination of a number of service reports on large 
acrylic parts such as canopies, astrodomes, turrets, blisters, 
noses, and windshields revealed that replacements were 

comparatively frequent. Most replacements were necessitated 
due to crack formations originating at attachment points. The 
method of edge attachment assumed a role of increased impor- 
tance with the introduction of high-performing aircraft such as the 
P-80 airplane. Aerodynamic and cockpit pressure loads encoun- 
tered in the P-80 imposed still higher loads in the acrylic canopy 
material. 

The present conventional method of attachment requires the 
drilling of a considerable number of holes along the edges of 
the canopy. These holes have to be large enough to permit the 
installation of rubber grommets and steel liners which serve to 
minimize the possibility of crack formation. A new and improved 
method of edge attachment was recently developed which con- 
sists of bonding integrally a laminate of relatively high strength 
to the canopy edges. Attachment can then be made directly 
through the laminated edge strips without the use of grommets 
and liners. 

Until recently the manufacture of such a reinforced edge has 
not been practical. However, with the development of catalysts 
which promote rapid polymerization or solidification of the methyl- 
methacrylate liquid monomer in the presence of ultraviolet light, 
the bonding of edge strips to the canopy has become feasible. 

Preliminary tests showed that this type of attachment was at 
least twice as strong as the conventional edge attachment. Thus 
a series of tests was instigated to develop a design and technique 
which was commercially applicable to regulation canopies. The 
final objective of this program was to apply the new attachment 
method to actual airplane parts such as canopies and windows and 
determine their strengths when tested under conditions encoun- 
tered in the actual flight of the airplane. 


Discussion oF LAMINATING RESIN 
The acrylic sheeting used in present-day aircraft is made by 
casting methyl-methacrylate monomer (a water-white liquid) 
between two glass plates. The addition of a catalyst and the 
application of closely controlled heat cause the monomer to poly- 
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merize or cure into a solid state. Polymerization is accompanied 
by an exothermic reaction, which, if not properly regulated, would 
cause the rate of polymerization to progress beyond control and 
result in the formation of bubbles or perhaps violent boiling of 
the monomer. This is reviewed in order to point out that poly- 
merization must proceed at a rather slow rate. Several days or 
a week, depending upon the thickness, are necessary for the cur- 
ing of the usual cast sheet. 

When attention was first directed toward a laminated edging 
for acrylics, it was conceivable that layers of cloth could be cast 
integrally around the edges of a cast acrylic sheet. This, however, 
was beyond the scope of the average aircraft plastics laboratory. 
It was hoped that a quicker and more practical method could be 
developed to attach integra!ly a laminated edging to methyl- 
methacrylate sheeting. 

A light-sensitive catalyst,? which caused strips of cloth, impreg- 
nated with prepared acrylic monomer to “jell” in 5 to 10 min. 
and cure into a hard mass in approximately 1 hr of exposure to 
sunlight, appeared to be the solution to the laminated edge at- 
tachment. 

Methyl-methacrylate monomer is waterlike in consistency. 
To make it more suitable for laminating operations, it was 
thickened or bodied so that it would not run off the laminated 
or bonded item before the polymerization or solidification reaction 
was complete. The monomer was bodied or partially polymerized 
by adding a very small amount (0.2 per cent by weight) of the 
light-sensitive catalyst and refluxing until the suitable viscosity 
was attained. Care was exercised in determining the amount of 
catalyst necessary so that none in excess of the specified amount 
would be added. Too much catalyst would cause the exothermic 
reaction which occurs during refluxing to proceed so rapidly that 
uncontrollable boiling results in complete polymerization. When 
this bodied resin cooled to room temperature, an additional 3 
per cent by weight of the catalyst was added to make it ready for 
application. In this condition it must be used within a few hours 
or stored in a refrigerator to prevent complete solidification or 
polymerization. 


FABRICATION OF JOINT SPECIMENS 


The test specimens used to determine the strength of the various 
types of edge attachments were made from °/j.-in-thick acrylic 
sheet stock 4'/, in. long and 3 in. wide. The thickness and 
width were thus chosen to approximate 1 sq in. of cross section. 
The laminates used for the edges of the new type joints consisted 
of Fiberglas or other fabrics laminated with the same resin that is 
used for making the actual blown canopy. 

Type I—External V-Joint. Some of the first acrylic tension 
specimens, containing an external “V” on the ends (see Fig. 1) 
were prepared ‘‘wet;” that is, laminae of glass cloth which had 
just been dipped in the acrylic resin were laid symmetrically on 
either side of the scarfed ends and the whole assembly sandwiched 
between cellophane-covered glass plates. After exposure to sun- 
light for approximately 1 hr, the resin polymerized or cured, and 
the specimen was then ready for trimming and mounting. It has 
been found that the time necessary for curing can be substantially 
reduced by using a good strong source of ultraviolet light instead 
of natural sunlight. 

Since cut Fiberglas cloth tends to fray and become unwoven 
at the ends, it was practically impossible to keep a few loose glass 
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threads from floating out upon the clear portion of the specimen 
and being cured in place. 

To avoid the problem of these loose Fiberglas threads and also 
the undesirable handling of the wet laminae in the final prepara- 
tion of specimens, laminates were cured into flat sheets in the 
following manner: 

Each piece of fabric (about 23 in. square) was dipped into a 
pan of the prepared resin and laid in place on a 2-ft-sq piece of 
cellophane-covered tempered glass plate. As each piece was 
stacked on the glass plate the trapped air bubbles were worked 
out with a suitable squeegee. When all layers were in place, 
micarta strips '/, in. wide and of proper thickness were nested 
around all four edges to serve as spacers and also to prevent too 
much resin from escaping. A second 2-ft-sq piece of cellophane- 
covered tempered glass plate was then placed over the stack of 
impregnated fabric and clamped in place with a number of stand- 
ard C-clamps. After curing, the laminate was machined into 
strips for bonding to the acrylic-specimen edges. These flat 
laminated sheets were made in thicknesses equal to one half that 
of the acrylic component in order to facilitate beveling of the 
edges of strips which were machined from the flat sheets. Figs. 1 
and 2 illustrate how the beveled strips were placed together to 
form a mating “V.” The successful rapid machining of these 
strips was accomplished by using cutting tools with cemented- 
carbide tips. The prepared resin was placed on all mating sur- 
faces and the strips cured in place by exposing the assembly to 
sunlight. 
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Tests made on this type of attachment showed that it had a 
strength equivalent to that made with individual wet laminae 
but it, too, had some distinct disadvantages: (1) Due to the 
shrinkage problem which is difficult to handie and because of 
the fact that resin cast in this manner has a lower strength 
than the original acrylic sheet, the scarf of the edge strips had 
to be of a length which would allow a transition gradual enough 
to produce an attachment of optimum strength. The length of 
searf necessary caused the opaque laminated edge to extend 
about '/: in. above the usual canopy mount, thus decreasing 
visibility. (2) Any excess resin which was present tended to be 
forced over the clear adjacent surface. This necessitated labori- 
ous polishing to restore the original optical qualities. 

Type II—Internal V-Joint. This type of joint was also made 
by bonding the cured laminated strips to the prepared acrylic 
edge, but in this case the scarfed edges of the laminate were 
fitted into an internal “‘V”’ in the acrylic edge (see Fig. 2). Tests 
made on this type of specimen showed that it was stronger than 
an equivalent external type of joint; and that an internal ‘“V” 
1/, in. deep was as strong as any */, in. external V-joint. In 
addition, the disadvantages of the external type of joint were 
eliminated, because it was now possible to keep the opaque edge 
flush with the canopy mount, and any excess resin present when 
the edge strips were bonded in place was forced over the opaque 
laminate instead of the clear adjacent acrylic sheet. 

Figs. 1 and 2 illustrate both types of joints and clearly indicate 
the advantages of the internal type of attachment. 


ReEsutts oF Tests 


Tension Tests. As a result of stress concentrations, the effi- 
ciency of edge attachments in direct tension vary from 30 per 
cent (for bolted attachments, using rubber grommets and steel 
liners) to approximately 85 per cent for laminated edge attach- 
ments. In terms of average stress at failure, the conventional 
bolted attachment developed approximately 2500 psi and the 
laminated edge attachments ranged as high as 6500 psi. 

Bearing Tests. Since the specimens containing the laminated 
Fiberglas edges were failing outside of the actual joint and causing 
no appreciable elongation of the attachment holes, it was decided 
that a laminate containing all laminae of Fiberglas was too strong. 
It was hoped that a laminate of cotton or linen cloth would solve 
the problem and eliminate the undesirable machining qualities 
of laminated Fiberglas, but the linen and cotton cloth-filled 
laminates failed in tension before there was any evidence of bear- 
ing failure. A number of laminated bearing specimens were thus 
fabricated using a combination of cotton cloth and Fiberglas 
cloth. Elongation of the attaching holes was thereby controlled 
by substituting cotton cloth for certain Fiberglas laminae. 

Fatigue Tests. Test specimens of the conventional rubber 
grommet-and-liner type and thosé containing the internal V-type 
laminated edges were made identical to those used for tension 
tests. These were tested dynamically at various loadings and 
frequencies until failure occurred. The fatigue life of the lami- 
nated attachment was found to be over 1000 times that of the 
bolted type. 


APPLICATIONS OF THE LAMINATED EpGE ATTACHMENT 


(a) Aircraft Canopies. From the promising results obtained 
from the small test specimens it was decided to prepare a full- 
size canopy of the type used on the P-80 airplane with the new 
type of edge attachment and tested under simulated flight condi- 
tions. 

The P-80 canopy is of the one-piece “bubble” type, which lends 
itself to “free-blowing” or vacuum-forming. In this process of 
forming, a heat-softened acrylic sheet is clamped to a vacuum 
pot and free-drawn to a controlled depth. The shape of the 
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vacuum-pot opening gives the general outline required for 
the canopy edge. After forming is completed the enclosure 
is finish-trimmed for mounting. 

The P-80 production canopy is fabricated from */s-in-thick 
acrylic sheet. However, the new canopy which was to contain 
the laminated edging was formed from a °/j,-in-thick acrylic 
sheet. 

Following is a step-by-step description of the detailed oper- 
ations required in the preparation of the laminated strips and their 
subsequent attachment to the canopy edges: 


1 Preparation of laminates: As a result of the bearing tests 
made on various types of laminates, a combination muslin-and- 
Fiberglas cloth laminate was chosen, which would show an 
incipient bearing failure in the attaching holes at a load slightly 
below the average breaking load of the acrylic specimens. This 
would allow a more uniform distribution of the loads. 

The laminated-edge-strip material, which was considered as 
the optimum for this type of attachment, consisted of two layers 
of coarse-woven muslin with a layer of ECC-11-148 Fiberglas 
cloth on each outer surface. These laminates were made in the 
same manner as previously described, and their nominal thick- 
ness was chosen as !/¢ in. less than '/, of the minimum thickness 
of the canopy edge, in order to make it possible to produce a com- 
pleted edge strip with surfaces flush with the canopy surfaces. 
The laminated panels were cut into strips 1'/; in. wide and then 
beveled on one edge to mate with the canopy edge and also on each 
end to mate with adjoining strips. 

It has been found that the variation in thickness of commercial 
canopies was as much as 0.100 in.due to manufacturing tolerances; 
in addition, the thickness variation may further be increased by 
the canopy drawing or stretching operation. However, by plac- 
ing a strip of wet uncured resin-impregnated fabric between two 
cured laminated strips, it was possible to compensate for any 
variation in thickness normally found. 

2. Preparation of canopy edges: The edges of the special blown 
acrylic canopy were first trimmed shorter than a conventional 
canopy to allow for the addition of the laminated edge. The 
edges then were machined to form an internal ‘“‘V,” since the 
internal V-joint had proved to be superior from the standpoint of 
strength and ease of fabrication. The internal ““V” was machined 
quite readily by the use of a portable hand router and a special 
bit. 

Transparent contoured fixture strips, which were necessary to 
hold the laminated edging to the canopy and at the same time 
permit light to reach the joint to effect curing, were obtained by 
sawing off the edges of scrap production canopies. These con- 
toured strips were then clamped on either side of the canopy 
edges so that they extended approximately 1'/: in. beyond the 
machined edges of the canopy. They served their purpose effec- 
tively for the forming of the laminated strips and also as trans- 
parent fixtures for holding the formed laminated strips in place 
during the curing cycle. 

3 Forming of laminated edge strips: The prepared laminated 
strips were formed to mate with the ever-changing contour of the 
canopy edges. Since the resin used to make the laminates was a 
“thermoplastic” (softens under heat and hardens when cooled), 
it was only necessary to heat the strips for several minutes in an 
oven at 300 F and then hold them in place in the grooved canopy 
edges until they cooled. This was facilitated by the transparent 
fixtures (edges from scrap canopies) clamped to the prepared 
canopy edges. The hot pliable laminated strips were for¢ed down 
onto the machined edges of the canopy and clamped to the over- 
hanging transparent fixture strips until they cooled enough to 
retain their new contour. 

4 Curing of preformed laminates to canopy: The next step 
in the fabrication of the edge attachment was to sandwich a wet 
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resin-impregnated Fiberglas lamina between two cured formed 
laminated strips to build up the thickness of these edge strips to 
equal that of the canopy edge. Excess resin from the wet laminae 
flowed into any spaces created by the varying edge thickness of 
the canopy and was thus cast and cured into place around the 
canopy edges to form a smooth, clear, and continuous transition 
from the opaque laminated edge to the clear acrylic canopy ma- 
terial. 

To simplify tooling, the attaching operation was accomplished 
in two steps. In the first step the cellophane-covered transparent 
fixture strips were clamped only to the inside edges of the canopy. 
The chamfered edges of the inboard cured laminated strips were 
“doped” with resin, forced into contact with the canopy edges, 
and clamped in position to the fixture strips for curing. The 
second curing step was taken after removal of the inboard trans- 
parent fixture strips. The wet impregnated Fiberglas lamina was 
then placed on the previously attached inboard laminated strip. 
Next, the chamfered edges of the outboard cured laminates were 
doped with resin and carefully placed in their correct position on 
top of the wet lamina. The cellophane-covered outboard trans- 
parent fixture strips were then placed on top of this assembly and 
clamped in place to the canopy. As a final operation to assure 
correct positioning, the outboard cured laminates were forced 
into intimate contact with the machined edges of the canopy be- 
fore finally clamping in place to the outboard fixture strips for 
curing. 

The canopy described, having the laminated edging, was sub- 
jected to pressurization tests along with production canopies 
containing the rubber grommet-and-metal liner type of attach- 
ment. The laminated-edge-type canopy, blown from 5/,.-in- 
thick acrylic material, withstood pressurization loads 25 per 
cent greater than those which produced failure in the 4/;-in- 
thick production canopies. This 5/,-in-thick canopy, containing 
the laminated edging, was not tested to destruction, but was 
saved for possible investigation of other variables. 

This canopy was actually one of three fabricated with the 
laminated edging for testing purposes. 

The first one, formed from 5/;.-in-thick acrylic sheeting, failed 
prematurely at a load higher than that withstood by any pre- 
vious production canopy, when part of the mounting structure 
failed. 

After reinforcement of the mounting structure, the second 
5/\s-in-thick canopy was tested as previously described and then 
saved for possible future investigations. 

The last and third canopy was formed from !/,-in-thick acrylic 
sheeting. Considerable speculation awaited the test results of 
this particular canopy. Unfortunately, however, it was cracked 
during installation, so further testing was discontinued. 

5 Fabrication of canopy from a flat developed pattern: Near 
the end of the war an ingenious method was developed by a 
West Coast plastics fabricator? for the free-blowing of aircraft 
canopies from a flat developed pattern. This method consisted of 
machining a sheet of acrylic to the exact flat developed pattern 
of the canopy. After heating the flat blank in a specially con- 
structed oven, it was carefully laid on a blowing jig and securely 
clamped around all edges to effect a perfect seal against air leaks 
before the blowing operation was started. Positive air pressure 
was used rather than pulling a vacuum. This enabled the oper- 
ator to check the part during the blowing process and control the 
air pressure throughout the operation. 

The canopy for North American’s P-51 ‘‘Mustang” fighter 
plane was “‘free-blown”’ from a flat developed pattern using this 
method. With North American’s permission a P-51 canopy was 
secured by Lockheed in the flat pattern, and Lockheed’s lami- 
nated edge attachment was cured to the edges of this pattern. 

3 Stacks Plastics, Culver City, Calif. 
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Since the curing of the laminated edge strips to a flat sheet ob- 
viously entails less difficulty than curing strips of compound cur- 
vature to canopy edges of compound curvature, it was desired to 
determine whether or not the addition of the laminated edging 
to the flat pattern would alter the forming characteristics of this 
particular free-blowing method. 

No difficulties were encountered in the final operation of blow- 
ing this flat developed pattern into a finished canopy with lami- 
nated edges. 

The hand methods used in fabricating the special laminates and 
their subsequent attachment to the canopy edges were neces- 
sarily laborious. However, when production methods are con- 
sidered, it is apparent that certain operations could be eliminated 
or greatly simplified. The method of blowing canopies from a 
flat developed pattern would further facilitate production if 
applied to the lJaminated-edge-type canopy. 

(b) Acrylic Panels. Since joints of 85 per cent efficiency 
were consistently being produced of laminated strips to acrylic 
sheeting and developing stresses as high as 6500 psi, the possi- 
bility of using stressed acrylic panels was given consideration. 

One of the characteristics desired to be known about an acrylic 
panel, which incorporated a laminated edge attachment, was its 
behavior when subjected to shear loads both at normal and ex- 
‘treme temperature ranges. 

1 Shear tests. The method used in fabricating the shear test 
specimens was essentially the same as that used for fabricating 
the canopy laminated edge attachment. Three test specimens 
were made from */s-in-thick acrylic sheeting according to Fig. 
4. These panels were mounted in a steel shear frame having pin- 
-connected corners, and the assembly was attached to a rigid floor 
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structure. The shear loads were applied to the panel frame by 
means of hydraulic jacks and transferred to the plastic panel 
through the !/,-in-diameter attaching bolts. Total shear de- 
flections were measured by means of a dial gage. A temperature- 
controlled enclosure was built around the test panel so that vari- 
ous temperatures could’ be accurately maintained. 

The first panel was loaded at a temperature of 65 F in incre- 
ments of 50 lb per in. (see Fig. 5). The application, removal, 
and reversal of shear load was repeated for 1000 cycles at 150 Ib 
per in.;' 1000 cycles at 300 lb per in.; and 3000 cycles at 500 
lb per in. This repetition of loading showed no change in the 
shear deflection noted at the beginning of each cycling test. A 
maximum static load of 850 lb per in. was applied at room tem- 
perature without any serious permanent effects. 

When the foregoing tests were completed the temperature was 
lowered to —55 F, and a load of 300 Ib per in. was applied and 
maintained for 2 hr. Upon removal of all load there was no 
indication of permanent set. The load was then gradually in- 
creased to a maximum value of 650 lb per in., whereupon the 
specimen suddenly shattered. 

The second panel was installed and the temperature lowered 
to —40 F. Loading was applied in small increments, and again 
when the value of 650 lb per in. was reached, the panel suddenly 
shattered. 

The third and last panel was tested at 130 F, Loading was 
applied in 50-lb-per-in. increments until a load of 600 Ib per in. 
was attained. Failure occurred approximately 90 sec after ap- 
plication of the 600-lb-per-in. load. 

The amount of deflection at various temperatures is compared 
in Table 1. 

2 Tension creep tests. The purpose of these tests was to 
determine the behavior of an acrylic panel incorporating lami- 
nated Fiberglas edges under prolonged tensile loading at various 
temperatures. 
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TABLE 1 DEFLECTION 
TEMPERATURES 
Shear load, 


Temperature, Total deflection, 


deg F lb per in, in, 

— 40 650 0.120 
70 650 0.155 
130 600 0.354 


Test specimens were made from */s-in-thick sheet stock with 
the Fiberglas edge attachment at each end, as shown in Fig. 3. 

Specimens were suspended in a controlled-temperature en- 
closure by means of a double-shear-type fitting. At the lower 
end, arrangement was made for applying 2400 lb (600 lb per in.) 
through a single shear-type fitting, so that there was an eccen- 
tricity of °/3: in. between the suspension and the applied load. 
Two dial gages, calibrated in thousandths of an inch, were in- 
stalled, one on either side of the specimen, to indicate the total 
elongation in the 10-in. gage length. Time versus elongation 
curves for different temperatures are presented in Fig. 6. 

The tests indicated that when the load was first applied the 
rate of creep was high, but that it decreased rapidly over 
the first several hours. 

Creep effect is greatly influenced by temperature, as may be 
seen by referring to Fig. 6. Considering 10 hr as a reasonable 


period for “long-duration” loading, it is apparent that under 600- 
lb-per-in. load and at room temperature, the observed creep 
constituted only an additional 12 per cent above the elastic (in- 
stantaneous) elongation, while at 140 F the deformation would 
almost double itself. Under this load and at any temperature up 
to 140 F, 10 hr appears to be sufficient time for a reasonable 
stabilization of the elongation. 

At the conclusion of the tests no permanent elongation of the 
holes in the Fiberglas-reinforced edge was apparent. It is im- 
probable that any appreciable amount of the observed creep 
effect occurred in the laminated edges. 


SuMMARY 


In summarizing, it is pointed out that a laminated edging inte- 
grally attached to acrylic sheeting consistently approached and 
in certain cases developed the full strength of the cast acrylic 
sheeting. 

Where further reduction in load concentrations is necessary 
at attachment points, various combinations of filler material may 
be used in the laminated edging to produce controlled bearing 
failure in the attaching holes. 
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Rotational Drop-Testing of Airplane 


Main Landing Gear 


By W. H. GAYMAN,! 


The immediate physical objectives of drop-testing are 
presented, together with a general method for conducting 
rotational tests that have proper contact velocity and 
energy relationships coincidental with the absence of un- 
desirable dynamic reactions at the pivot axis. Applica- 
tion of the method to tests of the main landing gear of the 
Models PV-1 and PV-2 patrol bombers is discussed. Con- 
clusions drawn from dynamic-load measurements em- 
phasize the possibility of attaining excessive loads in the 
drag-resisting structure when the impact surface is hori- 
zontal and the gear is inclined to simulate resultant load- 
ing of any particular design condition. It is implied that 
the practice of dropping the test gear on an inclined plat- 
form during translational drop tests may result in un- 
conservative loading unless deliberate compensation is 


afforded. 


INTRODUCTION 
of a newly designed airplane landing 


gear is commonly included in the structural-test program 
carried out with a static-test airplane. These tests have 
as their immediate purpose the demonstration of the degree of 
compliance with design specifications regarding, fundamentally, 
the energy-absorption characteristics and related dynamic be- 
havior of the landing gear. While the tests are generally preceded 
by landing-gear-jig drop-tests, conducted incident to developing 
or checking the shock-strut design, their specific objectives are 
the determination of landing-gear functional characteristics with 
effects of airframe elasticity included, and the checking of the 
structural integrity of the gear and its supporting members. The 
‘latter consideration is in general complementary to other required 
structurai tests. 

In the case of an airplane with conventional landing gear, it 
has been customary to conduct rotational drop-tests indepen- 
dently. for both tail gear and main gear. In tests of the, former, 
the airplane is usually permitted to “rotate about the main gear 
axles” as the tail is raised and dropped. In tests of the main 
gear, the tail-wheel axle or some other convenient item is utilized 
as the pivot axis. 

The author has failed to. discover any literature justifying the 
basic concept of rotational drop-testing of main landing gear as 
commonly executed; he presumes that its acceptance has been 
due to its advantages over translational drop-testing of the en- 
tire airplane because of its inherent freedom from additional test 
variables arising from the following: 


1 The problem of assuring simultaneous or at least repro- 
ducible contact conditions of main wheels and tail wheel. 

2 Interactions of main landing gear and tail landing gear 
attributable to airplane-pitching accelerations due to different 


1 Formerly, Research Engineer, Lockheed Aircraft Corporation. 
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stiffness rates and strokes of the two basie types of landing 
chassis. 


This is not to imply that translational drop tests are conducted 
infrequently; the advent of tricycle landing gear has given im- 
petus to development of this technique. 

However, it is not the purpose of this paper to present a dis- 
cussion of methods other than rotational drop-testing, or of the 
philosophy of drop-testing in general. Rather, the intent is to 
present, from a test engineer’s point of view, a discussion of 
methods that have been under development since the beginning 
of a program for drop-testing the PV-1 patrol bomber. 


1 GENERAL DYNAMIC CONSIDERATIONS 
Drop-Test PRoBLEMS 


There appear to be no standard interpretations of drop-test 
criteria as they reflect on the major aspects of the physical prob- 
lem. Consequently, the test engineer must formulate his own 
interpretations from the pertinent general specifications, or per- 
haps depart from the letter of the specifications in order to ration- 
alize some of the apparent physical incompatibilities. For ex- 
ample, while the drop-test specifications of various agencies are 
specific enough in defining “drop-height” and “load-factor’’ 
requirements for landing gear of various types of aircraft, in gen- 
eral they either leave too much latitude in the test-airplane 
weight distribution or impose limitations that have no funda- 
mentally rational basis. In the manner of support of the test 
airplane at its pivot attachment, a specification may impose re- 
strictions, which, if rigidly adhered to, can unwittingly cause 
local failure of the aft fuselage section in the attempt to obtain 
tests of the main landing gear, or conversely, failure of the main 
landing gear or its supporting structure in rotational drop tests 
of the tail gear. 

That instances of such failures exist is a matter of record. In 
some cases a “too literal’ interpretation of the pertinent speci- 
fication may have been the cause; in other cases lack of precedent, 
combined with insufficient appreciation of the dynamic aspects 
of the problem may have been a factor. In any case, however, 
possible danger to test personnel as well as direct and indirect 
costs occasioned by such accidents have warranted the direction 
of efforts to evolve a practical rotational drop-test technique that 
satisfies all of the basic requirements. Because of the length 
that would be required to cover specific problems arising in rota- 
tional drop-tests of auxiliary gear, the present discussion is neces- 
sarily limited to rotational drop-testing of main gear, although 
the basic dynamical approach is applicable to either. 

Rotational drop-testing is simply a convenient means of ob- 
taining landing-gear performance characteristics. Because of 
the variation of linear acceleration with distance from the center 
of rotation, this type of test is not intended to constitute a struc- 
tural test of the entire airplane, but rather is limited to a rela- 
tively localized region embracing the test gear. 


Test Setup PARAMETERS 


In order to impart a maximum of physical meaning to the in- 
terpretation of the test results it is important that the test setup 
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parameters be consistent with the basic design conditions. 
Hence for a given test: 


(a) The magnitude of the static reaction on the test gear 
should be the same as that established by the design condition. 
(A value based upon an “equivalent-mass” analysis may be used 
where applicable.) 

(b) The wheel contact velocity for a given free-drop height, as 
measured at the axle (or bottom of the tire), should be the same 
as that to be obtained in a hypothetical translational drop from 
the same drop height. 

(c) The energy to be absorbed by the test gear, resulting from 
a drop from a given height, as measured at the axle, should be 
the same as that part of the airplane’s total potential energy that 
would be absorbed by the test gear in a purely translational drop- 
test from the same drop-height, effects of interactions of main 
gear and auxiliary gear being discounted. 

(d) The direction of the impact load on the gear, relative to 
the shock-strut axis, should be the same as that established 
by the particular design condition. 


Requirement (c), as presented here, is really repetitive since 
ideally the satisfaction of conditions (a) and (b) automatically 
fulfills (c). 

In addition to the attainment of these basic objectives, the 
test engineer has a few of his own requirements to meet, the fore- 
most, aside from safety for test personnel, being that he avoid 
structural damage to the test airplane resulting from dynamic 
loading at the pivot point. 

An analytical evaluation of the degree to which all of these 
criteria may be satisfied may be made by consideration of the 
dynamics of the compound pendulum, 

Consider the case of the rigid pendulum subjected to con- 
strained rotation, Fig. 1. If the pendulum has its motion ar- 
rested suddenly by a stop, the nature of the instantaneous load- 
ing at the pivot point is dependent upon the following factors: 


(a) The instantaneous value of the angular velocity. 

(b) The magnitude of the force exerted by the stop. 

(c) The direction of the stop force relative to the line con- 
taining the center of percussion, the center of gravity, and the 
center of rotation. 

(d) The displacement of the line of action of the stop force 
from the center of percussion of the pendulum. 


If the line of action of the stop forces passes through the center 
of percussion, the tangential component produces no reaction at 
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the pivot axis. However, the radial component adds algebra- 
ically to the simultaneous value of centrifugal force. 

If, in the case of a semielastic body, the motion is arrested by 
a sprung stop, the natural frequency of which is very low com- 
pared with the natural axial and flexural frequencies of the body, 
the behavior of the system is quite comparable with that of the 
inelastic pendulum. 

The rigid-body type of analysis applied to a rotational drop- 
test setup indicates the nature of the problem of avoiding unde- 
sirable loading at a fixed pivot point. Consider a case for tests of 
main landing gear. If the airplane wheels are dropped on a well- 
greased horizontal surface, it is generally assumed that the land- 
ing reactions act vertically. This being granted, it becomes 
necessary to orient the pitching attitude of the airplane so that 
requirement (d) noted previously is fulfilled, that is, so that the 
direction of the shock-strut axis relative to the impact load con- 
forms with the design condition. 

This factor precludes the probability of avoiding substantial 
loads at the fixed-pivot axis even if the test airplane’s weight is 
distributed so that the center of percussion is directly over the 
line of contact of the main-gear wheels. With the airplane in 
attitudes intended to simulate either ‘“level-landing” or ‘“three- 
point-landing” conditions, it is not possible to distribute the re- 
quired mass so that the line containing the center of percussion 
and the fixed axis of rotation is normal to the landing reactions. 

In the case of the Model PV-1, a 26,500-lb normal-gross weight 
airplane, calculations for drop tests in three-point attitude, with 
the center of percussion over the main-gear axles and the tail- 
gear axle a fixed center of rotation, indicate that allowable impact 
loads on the main gear could produce a tail-gear drag-load com- 
ponent in excess of 24,000 lb. An estimated value of angular 
velocity at the instant of peak impact load indicates an additional 
3000-lb component, due to centrifugal force, giving instantane- 
ously a magnitude of total drag load on the tail gear greater than 
that of the airplane gross weight. 

In order to avoid the imposition of large dynamic loads at the 
pivot point, it has sometimes been a practice to provide elastic 
restraint of the pivot by use of shock cord. This technique may 
well prevent damage to the airplane structure but still may re- 
sult in violation of requirements (b) and (c) relative to contact 
velocity and energy absorption, depending upon the degree of 
restraint afforded. 

The ideal anchorage for the airplane in rotational drop tests is 
one whereby the axis of rotation may be placed on a horizontal 
through the airplane center of gravity (cg). 

The “free rotational’ compound pendulum represents a system 
of this type, Fig. 2. If the pivot axis is allowed to move freely in 
frictionless horizontal guides that offer complete vertical re- 
straint, no horizontal forces can be applied to the body during its 
free fall, and the center of gravity will drop vertically. During 
this period the only force existing at the pendulum support is 
that required to produce angular acceleration of the body about 
the instantaneous center of rotation, which falls with a vertical 
velocity the same as that of the center of gravity. Thus the 
line containing the instantaneous center of percussion (icp) and 
the instantaneous center of rotation passes horizontally through 
the center of gravity. If the instantaneous center of percussion 
is located directly over the stop, the stop force produces no im- 
pact at the moving pivot axis. 


EQuILIBRIUM EQuATIONS 


Several useful and interesting relationships may be obtained 
from the equilibrium equations of this system during its free-fall 
period. By referring to Fig. 2 it may be seen that the position, 
velocity, and acceleration of the center of gravity (cg) relative to 
the reference axes are described by 
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From Equations [1c], [2], and [3], 
(r? cos? 6 + p*) a — (r? sin 6 cos@)w? — gr cos 8 = 0....[4] 


Equation [4] may be put in a more convenient form by using 


oo for a and letting w? = 2u, resulting in 
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Solution of this equation yields 


where 6) is the position angle corresponding to w = 0. 

The term, r(sin 6 — sin 4) is simply the change in height of the 
center of gravity, that is, (Az)cg. 

By use of the concept of the instantaneous center of rotation 
the relationship between the drop height of the center of gravity 
and that of the instantaneous center of percussion is apparent 
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2 
From basic mechanics d = A where k is the radius of gyration 
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about the axis of rotation, and r is the distance from the center of 
rotation to the center of gravity. 
r? cos? 6 + p? 


Here d = , 80 that the vertical velocity of the 
r cos 6 
center of percussion in terms of its drop height is 
(Ve)iep = dw 
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Since the vertical velocity attained by the instantaneous center 
of percussion in falling from a given drop height is the same as 
that attained by a body falling freely from the same height 


= 9 
and, from Equation [2] and the counterpart to Equation [7] 
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If the system is prevented from rotating by an external re- 
straint acting along a vertical line through the instantaneous 
center of percussion, the static reaction at the pivot axis is 


= F, for the same values of @ 


FrEE RoraTioNnaL COMPOUND PENDULUM SysTEM 


The “free rotational’ compound pendulum system ideally per- 
mits fulfillment of all of the basic rotational drop-test require- 
ments for main gear if it is physically feasible to satisfy the fol- 
lowing conditions: 


1 The inclination of the shock strut relative to the impact 
load (assumed acting vertically) may be made to conform with 
the design condition. 

2 With the airplane in the attitude consistent with item 1, a 
distribution of weight may be made such that, for the entire 
loaded aiiplane, (a2) simultaneous values of r cos @ and p satisfy a 
value of d predetermined from a choice of moving-pivot location; 
and (b) simultaneous values of r cos @ and W satisfy the require- 
ment for test-gear static reactions. 


It is to be noted that the test-airplane gross weight and center- 
of-gravity position, as such, need not conform with those of the 
design condition; nor need the disposition of weights in the fuse- 
lage be based upon the actual distribution of fixed equipment or 
useful load. It is, of course, important to avoid local overload- 
ing of any part of the structure; the probability of this occur- 
rence may readily be determined by analysis of the weight dis- 
tribution with regard to anticipated local accelerations. 

In practice, deviations from the theoretical performance exist; 
these may be summarized qualitatively as follows: 


(a) Eccentricity and Nonverticality of Impact Load. Because 
of the inclination of the shock strut the fore-and-aft position of 
the axle relative to the airplane varies as the strut is compressed 
under load. Thus at only one position may the test-airplane 
instantaneous center of percussion be directly over the axle. The 
effect is usually very small, however, the maximum eccentricity 
from this source being of the order of 1 per cent of the value of 
d. Another contribution to eccentricity may result from change 
in effective mass. Prior to impact, the airplane may be consid- 
ered as a relatively rigid body; after impact the semisprung mass 
of tire, wheel, axle, and piston behaves altogether differently 
from the rest of the airplane. Here, again, the magnitude of 
these effects is generally small since the percentage change in 
“Tigid’”’ mass is small. 

Potentially of more importance than the horizontal eccen- 
tricity of axle relative to the instantaneous center of percussion 
is the drag-load component resulting from forward or aft motion 
of the tire on the impact surface. Even with a liberally greased 
contact surface it is not inconceivable that the direction of result- 
ant load may vary by several degrees from the vertical, depend- 
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ing upon the coefficient of friction and the moment of inertia of 
the wheel-and-tire mass. This factor is of little practical conse- 
quence in so far as the magnitude of dynamic loading at the pivot 
axis is concerned; it is more significant that the nature of the 
effect is generally such as to be additive to the design drag-load 
component, simulation of which is intended by prior inclination 
of the shock-strut axis. More will be said about these effects in 
the discussion of the test results. 

(b) Nonrigidity of Airframe. Potentially, a major reason for 
differences between the idealized and the actual behavior might 
appear to lie in the fact that the airplane is not a rigid body. 
Quantitatively, an analysis of the effects of elasticity is a formida- 
ble task (1, 2).2. Moreover, it would appear to be a misdirec- 
tion of effort to attempt such an analysis merely for purposes of 
of drop-testing 

Qualitatively, it may be noted that the load-time history of a 
landing event is usually very long in comparison with the natural 
period of vibration of any of the significant weight items. Hence 
pure resonant effects may be discounted. However, both the 
release shock and the landing shock excite in the airplane com- 
ponents transient oscillations which may have a measurable ef- 
fect, not merely at the pivot axis, but also on the test-gear dy- 
namic loading. It might be expected that elastic effects would 
be most noticeable for critical metering pin-and-orifice combina- 
tions. Cases are known wherein a particular metering pin, pre- 
scribed as a result of landing-gear tests in a translational drop- 
test rig, was found not to give optimum performance in airplane 
drop tests. However, it should be noted that differences in over- 
all test techniques, including setup parameters and instrumenta- 
tion, may well produce differences of comparable magnitude. 


2 APPLICATION TO LOCKHEED PV PATROL BOMBER 
DROP-TESTS 


Basic Test ARRANGEMENT 


The moving tail-pivot test arrangement has been used in drop- 
tests of the main landing gear of PV patrol bombers. These 
tests were conducted for both “level-landing”’ and ‘three-point 
landing” conditions to determine energy-absorption and load- 


factor data throughout a range of drop heights. 


As a matter of convenience, the tail-gear axle was chosen as 
the moving-pivot axis. The tail-gear strut was locked in a fully 
compressed position by steel straps attached to the torque-knee 
lugs. The tail wheel, less tire, was set on a steel track laid in the 
base of a horizontally slotted guide block, which was shimmed up 
from the floor to the height required to give the specified inclina- 
tion of shock-strut axes for each landing condition. The instal- 
lation is shown in Fig. 3. 

The weight of the test airplane, consisting primarily of basic 
structure less outer wing panels, constituted about 20 per cent of 
the normal gross weight just prior to the start of the test setup. 
At this time it was desired to add the required mass in such a 
manner that the proper static reactions were obtained and that 
the center of percussion of the entire test airplane was placed 
over the line of contact of both main-gear wheels. From basic 
weight data the weight, location of the center of gravity, and 
pitching radius of gyration about the center of gravity were cal- 
culated for the empty test airplane. Weight and center-of- 
gravity location were checked by actual weighing. 

As additional weights were placed in the airplane, a running 
tabulation of the weight-distribution parameters was made un- 
til, by successive approximations, the calculations indicated that 
the desired conditions had been satisfied. For overload condi- 
tions weights were added in equal increments both forward and 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fic. 3) Tam Wueet Mountep tn Horizontat Guipe Brock 
Durinc Tests SmmutatTinc “Lever Lanpinc INCLINED 
REacTIONS” 


(Thrust line was inclined 18 deg, nose down, and tail gear was swiveled 180 
deg to avoid interference between fork and guide block.) 


Fic. 4 PV-1 Marin Lanpinc Gear Drop-Test Setup 


(View shows dynamic “weighing”’ platform, tire-deflection-measurement 

slide wires, and strain-gage installation on drag strut. Baled straw was 

used for protection of personnel _ test airplane in event of tire or gear 
ailure.) 


aft of the center of gravity at distances equal to the computed 
radius of gyration about the center of gravity for the normal- 
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gross-weight condition. In this manner the location of the cen- 
ter of percussion was held constant, and the increases in main- 
gear static reactions were made proportional to the corresponding 
increases in gross weight of the test airplane. 

In the loading of the test airplane no particular effort was 
made to obtain exact correspondence of fuselage load distribution 
with the actual airplane weight distribution, although provisions 
for large items of fixed equipment or useful load greatly influ- 
enced the operations. It was considered important, however, to 
reproduce power-plant weights and centers of gravity locations 
inasmuch as each engine-mount support structure was closely 
associated with the landing-gear supporting structure. As a mat- 
ter of economy the wing outer panels were not installed, having 
been damaged in previously conducted static tests. However, 
it is considered that the over-all behavior of the landing gear and 
wing center section would have been somewhat more representa- 
tive had it been feasible to effect a normal distribution of wing 
weight. Moreover, it would undoubtedly have been more ra- 
tional from the standpoint of wing torsional moments to have re- 
duced “‘power-plant’”’ dead weight by the ratio of the distance 
from the instantaneous center of rotation to the instantaneous 
center of percussion and the distance from the instantaneous cen- 
ter of rotation to the power-plant center of gravity. Yet in all 
probability such a reduction would have involved overloading 
the fuselage forebody in the three-point-landing condition be- 
cause of the necessity of having enough weight forward to locate 
the instantaneous center of percussion properly. 


Drop-Test INSTRUMENTATION 


Several months prior to the start of the tests it was recognized 
that a considerable amount of data would need to be taken in as 
short a period of time as possible because of the pressure of other 
testing schedules. Accordingly, special instrumentation was 
devised to permit rapid recording and reduction of the data. 

In the PV-1 tests simultaneous and continuous recording was 
made of the following quantities as a function of time: 


1 Load on bottom of tire. 

2 Tire deflection. 

3 Shock-strut piston travel. 

4 Airplane travel from the instant of release. 


These measurements were made concurrently on both left-hand 
and right-hand gear. In addition, the following quantities were 
recorded on one side only: 


5 Landing-gear drag-strut load. 
6 Longitudinal deflection of the lower end of the shock-strut 
outer cylinder relative to the plane of the wing main beam. 


In tests of the PV-2 facilities were available for measurements 
of side-strut and drag-strut axial loads on both sides, as well as 
tail-pivot loads. 

All “load” measurements were made by means of SR-4 strain 
gages installed on structural members and incorporated in 1000 
cycle-per-see alternating-current bridge circuits, the output volt- 
ages of which were amplified, rectified, and impressed on the 
galvanometer elements in a recording oscillograph. Tire and 
strut deflections, as well as airplane travel, were recorded in a 
basically similar manner through the use of specially constructed 
slide-wire potentiometers. The outer-cylinder deflections were 
detected by a bending-beam-type of strain-gage pickup. 

The measurement of axial loads in tubular struts posed no new 
problems, since the techniques of dynamic strain measurement 
and associated calibrations to obtain corresponding loads are 
fairly well established. However, the determination of dynamic 
loads on the shock strut required a somewhat different approach, 
inasmuch as there were no locations on the gear itself where an- 


ticipated strains sufficiently large for accurate measurement could 
be considered as absolutely indicative of load on the member. 
Accordingly, it was decided to drop the wheels on platforms, each 
of which was supported by three tubular pedestals to which 
strain gages were attached. By virtue of identical load-strain 
sensitivities of the pedestals and of the manner of incorporating 
the gages in the bridge circuit, the load indication of each plat- 
form was made independent of the load center relative to the 
three supports and also of any local pedestal bending strains that 
might be developed from horizontal-load components. 

A typical oscillogram is shown in Fig. 5. It is to be noted that 
traces labeled “inboard” and “outboard” deflections of each tire 
appear. It was found necessary to use two slide-wire potenti- 
ometers on each wheel because of cumulative rotation due to 
bending of wing center section, shock strut, and axle. Thus a 
means of knowing true deflections at the tire center line was af- 
forded, as well as the magnitude of the rotation. Each oscillo- 
gram trace has its own calibration factor in terms of its physical 
counterpart, the calibration being facilitated by the static con- 
ditions prior to release of the airplane and immediately after the 
airplane came to rest. 


Test-Data INTERPRETATION 


In the interpretation of the oscillograms it was necessary to 
correct the platform-load indications for the effects of semi- 
sprung mass of wheel and axle, in order to obtain magnitudes of 
load experienced by the shock-strut outer cylinder and support- 
ing structure. In general, the peak loads on the tire occurred at 
a time when the shock-strut stroke-time trace indicated very 
little differential acceleration of sprung and semisprung airplane 
masses. Accordingly, the peak loads on the outer cylinder were 
obtainable quite accurately merely by taking the appropriate 
fraction of the platform-load indication. As a matter of con- 
venience, this same fraction was usually applied to all values of 
platform load in the process of constructing load-stroke and load- 
mass travel graphs from the oscillograms. Inasmuch as the 
semisprung gear weight amounted to only a few per cent of the 
static platform reaction, the error involved was usually of no 
practical consequence. 

The recording of dynamic loads and deflections on both main 
gears made possible a determination of over-all energy relation- 
ships. By comparing the potential energy of the airplane prior 
to release with the energy absorbed in both main-strut and tire 
units up to the time of minimum center-of-gravity height, an 
estimate of the minimum amount of energy absorbed by the air- 
frame could be made. The term “minimum”’ is used, since the 
nominal center-of-gravity travel was used in computations, with- 
out regard to the incremental energy accruing from structural 
deformation. 

In the earlier series of tests, analysis of the oscillograms showed 
that peak drag-strut loads were considerably greater than were 
anticipated. This condition was true for both three-point-land- 
ing and level-landing tests. Two readily apparent reasons for 
the differences were (a) that the peak load on the gear was devel- 
oped earlier in the stroke than had been the case in previously 
conducted jig drop tests and (6) that the effects of structural 
deformation had not been included in the preliminary stress 
analysis. However, even with allowances for these factors, the 
drag-strut loads appeared to be too large. Qualitatively, the 
residual discrepancy was attributed to nonverticality of impact 
load due to inertial or frictional effects. 

The PV-2 test instrumentation permitted an indirect evalua- 
tion of the degree of main-gear load eccentricity relative to the 
center of percussion. With the airplane in a “tail-high” attitude 
intended to simulate “level landing with inclined reactions,” the 
line of action of the hoisting gear very nearly intersected the line 
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Fig. 5 Typicat Osci.LoGRAM, WirH NUMBERED TRACES CORRESPONDING TO PHYSICAL QUANTITIES 
(1 and 19, sixty-cycle timing waves; 2 and 18, reference line; 3, left drag-strut load; 4, right drag-strut load; 5, left side-strut load; 6, right side-strut load; 
7, left-platform load; 8, right-platform load; 9, tail-gear load; 10, left-wing travel; 11, left tire, outboard deflection; 12, left tire, inboard deflection; 
13, left strut stroke; 14, right strut stroke; 15, right tire, inboard deflection; 16, right tire, outboard deflection; 17, right-wing travel.) 


of contact of main-landing-gear tires. Hence if the airplane be- 
haved as a rigid body, and if the impact force acted vertically 
through the center of percussion, no change should have been ex- 
pected in the tail-gear static reaction other than that occasioned 
by a slight change in airplane attitude.* Actually, a rather sig- 
nificant change in tail-gear reaction occurred, as can be seen by 
reference to the oscillograph trace in Fig. 5. Statically, prior to 
release, the bottom track of the horizontal guide applied an up- 
ward force on the tail wheel. Shortly after the instant of initial 
main-gear impact this force diminished to zero, remaining at zero 
for an instant while the tail wheel traveled freely about 1/16 in. 
before encountering the restraint of the upper guide. The peak 
downward load on the tail gear was attained shortly after the 
peak loads had been reached on the main gear. This behavior 
was typical for this series of tests, the magnitude of dynamic tail 
load increasing with main-gear drop height, and the time of maxi- 
mum occurring at or shortly after maxima on the main gear. 
The persistence of tail-load oscillations after the main landing 
event was also characteristic. 

An obvious deduction to be made from the tail-pivot loading is 
that substantial drag forces were developed as the semisprung 
gear elements moved forward due to compression of the inclined 
shock struts. Thus the diving moment induced by these drag 
forces was balanced by a downward dynamic load on the tail 
pivot. The validity of this conclusion is strengthened by the 
fact that the recorded peak loads on the landing-gear drag struts 
are in good agreement with values calculated by means of the 
instantaneous attitude of the airplane, the measured vertical 
loads on the gear, and values of drag load required to balance the 
simultaneous tail-pivot load. The data indicate that at the in- 
stant of peak vertical load the unwanted drag load may have 
been larger than 12 per cent of the vertical load. Thus the di- 


* Reference to Equation [9], et seq. 


rection of impact load relative to the shock-strut axis was con- 
siderably more severe than that prescribed by the design condi- 
tion. 

Drop-tests for simulation of ‘three-point landing with vertical 
reactions” produced effects in the opposite direction, that is, the 
aft acceleration of wheel-and-tire masses demanded by the com- 
pression of the shock struts led to the development of peak result- 
ant loads acting somewhat forward of vertically upward. Again, 
the net effects on the gear and its supporting structure were more 
severe than were intended. 


CONCLUSIONS 


The author feels that there are two definite conclusions to be 
drawn from the experiences accumulated both during the drop- 
test programs discussed herein and during more recently com- 
pleted rotational-jig drop tests employing the same principles: 

1 Drag-load errors arising ffom wheel inertia or from friction 
between tires and impact surfaces are not necessarily negligible 
in any type of drop-testing, whether simulation of the proper 
drag component is sought either by inclining the shock-strut axis 
or by inclining the contact surface. It is significant that, in 
general, the former expedient produces effects in a direction to 
aggravate loads in the drag-resisting structure, whereas the latter 
tends to alleviate them, resulting in an unconservative test un- 
less deliberate compensation is afforded. While the control of 
these factors may be unduly costly, the measurement of their ef- 
fects on the airplane structure appear to be justified as a standard 
procedure. The degree of refinement to be attained in instru- 
mentation and in adjustment of test setup parameters is indi- 
cated by an over-all view of the problem. Drop-testing to simu- 
late a particular “instantaneous” design condition is one thing; 
drop-testing to simulate actual critical landing conditions is quite 
another. 
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2 The “‘free-rotational” drop-test method described herein is 
believed to be an improvement over previously used rotational 
test methods. Moreover, from the standpoints of safety, accur- 
acy, and ease of airplane control, it appears to offer advantages 
over translational airplane drop-testing in cases where simula- 
tion of dynamic landing loads on the entire airplane structure is 
not intended. 
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Some Suggested Specifications for Thermal 
Ice-Prevention System for Aircraft 


By L. A. RODERT,! INDIANAPOLIS, IND. 


The general conclusions from research and development 
of the airplane thermal ice-prevention system are given 
and additional comments in discussion of present knowl- 
edge are made. Details of design are discussed whereby 
some faults of early applications of the thermal system 
may be avoided. Specifications for the thermal system are 
given as an aid to operators and others desiring to provide 
the most effective protection against the formation of 
ice on airplanes to be designed for commercial or military 
use. 


INTRODUCTION 


HE need for closer adherence to scheduled operations be- 

comes increasingly urgent as the military and commercial 

use of the airplane is extended. Attention therefore is 
being given to the improvement of equipment and operational 
methods which will enable the airplane operator to achieve the 
regularity which is necessary to meet the demands of the public 
and competition. 

The airplane is handicapped during inclement weather by 
obstructions to visibility and the formation of ice. The mainte- 
nance of schedules also is affected at some terminals by congestion 
of air traffic. While visibility and traffic problems may be solved 
by signal devices and operating procedures, the ice problem re- 
quires an intimate consideration of the airplane. 

Research and development activities in many countries have 
been directed in search of a solution to the ice problem. These 
activities have, in general, concluded that the problem can be 
solved by the use of heat. Although it is fortunate that an answer 
has been found, heat is not entirely a fortunate solution because 
the internal parts of the airplane are adversely affected and com- 
plicated by its application. Engineering skills which can cope 
with the problems of flight and the internal mechanism therefore 
have to be directed to the task of applying the thermal system. 

The locale, intensity, and distribution of heat and the mechani- 
cal, electrical, and aerodynamical details must be considered 
when the airplane ice-prevention specifications are prepared. The 
reports of the researchers have been limited in many instances to 
a discussion of the practicability and thermal requirements of the 
system, and rightly so, since these were the objectives. During 
the conduct of the tests, which involved the operation of several 
airplanes in natural icing conditions, practical design and opera- 
tional information was also obtained. In the present paper, the 
practical considerations of design will be considered on a more 
equal plane with the theoretical objectives of the researches. It 
is hoped that this treatment of the knowledge will be helpful 
during the interim between the present and the later date when 
the manufacturers and operators will have had adequate experi- 
ence with applied aircraft to establish the needed empiricisms. 


1 Research Engineer, Stewart-Warner Corporation, South. Wind 
Division; Chairman, N.A.C.A. Subcommittee on De-Icing Problems. 

Presented at the Aviation Division Meeting, Los Angeles, Calif., 
June 3-5, 1946, of Tae American Socrety or MeEcHANICAL ENatI- 
NEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
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Ick-PREVENTION DaTa 


After the preliminary exploration in the United States and 
Germany, from which the practicability of the thermal system of 
ice prevention was established, many projects were undertaken 
in order to test the application to various parts of the airplane and 
to determine the intensity, distribution, and extent to which 
heating must be applied in order that ice might be alleviated. 
In this country, the application to all vulnerable parts of the air- 
craft has been recommended (1, 2, 3, 4, 5, 6, 7);? in Canada, the 
National Research Council has advanced and endorsed the use of 
heat on the propeller; and in Germany, the thermal system has 
been applied to lifting surfaces and windshields (8, 9). British 
researchers, collaborating with and actively participating in the 
work in this country (due to the difficulties imposed by hostilities 
over the British Isles), have also approved the thermal system 
as superior to other methods for all vulnerable parts of the air- 
plane. These results all pertain to aircraft of conventional con- 
figuration, size, power loading, and power-plant installation. 

Aerodynamic Lifting Surfaces. When heat is delivered to the 
leading edge 10 per cent region in sufficient quantity to raise the 
average leading-edge skin temperature 100 deg F above the ambi- 
ent air temperature, while flying in dry air at 18,000 ft pressure 
altitude and at 60 per cent rated engine power, adequate heat is 
provided to prevent or remove ice formations from wings and 
empennage surfaces. This conclusion has been reached from tests 
with full-scale aircraft in flight in natural icing conditions. Con- 
clusions based upon the data are considered to be applicable to 
conventional airfoils of from 4 to 20 ft chord whose pressure dis- 
tribution is similar to that of the N.A.C.A. 230 airfoil series and 
whose thickness is from 6 to 18 per cent of the chord. The sur- 
faces of the wings were normally clean but not aerodynamically 
smooth. The condition of the surfaces was more likely to be 
hydrophilic than the hydrophobic. The data were established 
from flights in several aircraft over a period of 5 years’ time, over 
a wide geographical area, in various types of meteorological con- 
ditions, and with different observers (1, 2, 3, 5). Encounters 
with what may be called severe icing conditions have been 
successfully experienced. 

The chordwise heating intensity over the leading edge 10 per 
cent chord region gave a temperature rise which was uniform 
within about 15 deg F in one airplane which had satisfactory pro- 
tection in all conditions. 

Ice does not form in the vicinity of the controls or control 
hinges unless, by peculiar rigging, a part of the control surface is 
made to protrude beyond the normal boundary layer of air which 
passes over the wing. Hinges, balances, or other protuberances 
which may occur from faulty manufacturing techniques will col- 
lect ice when the leading edge is heated sufficiently to keep ice off 
from the stationary part of the airfoil. When ice is allowed to re- 
freeze on the regions rearward from the leading edge by reducing 
the heat below specified values, the formations have always oc- 
curred forward of the control-hinge regions. 

Flight in clouds containing unusually large quantities of water 
at air temperatures below 32 F caused the wing leading edge to be 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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substantially wetted back to the 5 to 7 per cent chord point on 
the upper surface. Observations were not made directly on the 
lower surface, however, the wetted area is thought to be about the 
same as on the upper side. The area rearward from the 5 to 7 per 
cent chord region has been observed to be only partially wetted. 
No ice formed on areas rearward from about the chord point of 
maximum ordinate on wings of large chord, and, from this ob- 
servation, it is concluded that no water is in contact with the 
skin in this region since the temperature of the skin was below the 
freezing point of water. This conclusion is not thought to be 
valid for airfoils of 4 ft chord or less. 

In flights through cumulo-nimbus clouds of major development, 
large quantities of water in the form of snow, sleet, and rain, 
held aloft by strong up-currents have been encountered which 
caused the deposit of a slushlike formation along the stagnation- 
pressure region for short periods of time. These formations were 
as much as 2 in. wide and !/; in. thick in some cases of extreme 
severity. 

The delivery of heat to the aerodynamic lifting surfaces has 
been accomplished by the following means: 


1 Exhaust tube within the wing leading edge (1). 

2 Circulation of heated air within the leading edge and dis- 
charged from the airfoil interior in the vicinity of the trailing 
edge or control-surface hinge line (5). 

3 Circulation of heated air within the leading edge and dis- 
charged from the airfoil interior into the boundary air near but 
to the rear of the transition point on the low-pressure side, high- 
pressure side, or both (2, 3). 


The exhaust tube within the wing was discarded in favor of the 
air-circulating systems because the latter has been found to be 
more easily constructed and maintained and to be more readily 
employed on most airplanes. 

Attempts to deliver heat to the wing leading edge by the span- 
wise flow of heated air along the wing leading edge have not 
been successful. All successful leading-edge designs have been 
adaptations of the Junkers leading heat-intercooler design (8) 
which employs a spanwise plenum, chordwise flow for heat ex- 
change, and either a chordwise or spanwise flow for the outgoing 
air. 

The wing-heating systems have been made without serious 
deleterious effects on the strength, construction, weight, or main- 
tenance of the aerodynamic surfaces. 

Windshield. The vision of the pilot and copilot of airplanes 
at speeds under 200 mph, indicated, has been maintained during 
flights in icing conditions by the transmission of about 1000 Btu 
per sq ft per hr through the outer surface of the windshield glass 
(2, 4). The prevention of ice on the windshield has also been ac- 
complished on one airplane by the passage of a layer of heated air 
over the exterior from a slot at the forward edge (5). About 10,- 
000 Btu per sq ft per hr was employed in the externally discharged 
air-heating system. However, the mechanical design was in- 
ferior, and it is believed that less heat would be required in a 
better arrangement. 

Greater amounts of heat than that just indicated have resulted 
in excessive warmth in the pilot’s cabin particularly in airplanes 
in which the pilot’s face is near to the windshield. Heating the 
windshield to a limited degree increases the resistance of the glass 
to the impact of bird strikes according to tests conducted by the 
Civil Aeronautics Authority. Heating the windshield to a tem- 
perature above 140 F seriously weakens the glass and has a dele- 
terious optical effect upon the plastic binder of safety glass. 

Heat has been transmitted in the necessary quantities by the 
following: 


1 Circulation of heated air between the panels of a double- 
glazed windshield. 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1946 


2 Electric power through the use of embedded heating wires 
in the glass. 

3 Circulation of heated air over the exterior surface. 

4 Electric power through the use of external heating wires. 


5 Electric power through the use of transparent conducting 
surfaces. 


It is very important to remember that vision through the wind- 
shield is the important objective in windshield ice prevention. 

The solution to this very important part of the ice problem 
must consider ice prevention on the outside, frost removal on the 
inside, resistance of the panel to the impact of flying birds, and 
the other more obvious construction and service requirements. 
Hope has long been held that a transparent and durable electrical 
conducting film for the coating of glass could be discovered 
whereby the windshield panels could be heated with electric 
power. Such a product has been discovered and developed by 
the engineers of the Pittsburgh Plate Glass Company. This 
discovery, which has been given the name of ‘‘Nesa,” promises 
to solve the windshield icing problem in an optimum manner for 
all the factors involved wherever electric power is available in 
the required quantities. 

The improvement of the optical qualities of the doubly glazed 
windshield has been attempted by the treatment of the glass sur- 
faces for the reduction of the surface reflectivity. Coating the 
glass surfaces with magnesium fluoride by the evaporative process 
was not successful in one attempt. The use of the doubly glazed 
windshield has several disadvantages. Tests have shown the in- 
creased reflectivity of the greater number of surfaces to be det- 
rimental to the pilot’s vision, particularly at night in the landing 
maneuver. Water precipitates form on the inner side of the 
outer glass occasionally on some installations during taxi and 
take-off runs due to the circulation of high-humidity air past the 
cold outer panel. The fogging clears soon after the ducts are 
cleared of the moist air and the temperature of the air rises. The 
collection of foreign particles on the interior surfaces of the glass 
necessitates frequent clearing in dusty regions. 

Propeller Blades. Ice can be removed or prevented from form- 
ing on propeller blades by the provision of heat to the blade lead- 
ing-edge region or to the entire blade section. The application of 
the thermal system to the propeller blade has been accomplished 
by the use of electric power and by passing heated air through 
the interior of blades having an open passage from root to 
tip. The minimum quantity of heat required for a propeller 
blade has not been reliably established; however, sufficient data 
have been obtained whereby practical and reliable propeller 
protection can be achieved for blades currently in use. The re- 
sults indicate that blades for a 12-ft-diam propeller will require 
from 1000 to 1200 watts of electric power per blade when turning 
at about 1100 rpm propeller speed and flying at about 180 mph 
indicated airplane speed (6). Other results indicate that blades 
of a 15-ft-diam propeller under about the same operating con- 
ditions require from 1000 to 1500 watts of electric power per 
blade (10). 

Flight tests in natural and simulated icing conditions by inde- 
pendent researchers have shown that the thermal system for pro- 
pellers may be operated intermittently with satisfactory protec- 
tion for the propeller and with a great saving in electric power. 
When operated intermittently, the power is applied to a propeller 
for a short time during which the ice is removed and then the heat- 
ing is interrupted. During the interruption, heating is applied to 
another propeller on which a small amount of ice has been per- 
mitted to form. Intermittent operation is thought to require a 
slight increase in blade heating in order to minimize the time re- 
quired for ice removal and reduce the size of ice particles thrown 
off. 
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The electric heating of propeller blades has been accomplished 
by neoprene blade shoes in which an electric resistance of either 
conducting rubber or wire was constructed. The blade shoes have 
been about 60 inches long in some successful installations. Some 
blade shoes have given several hundred hours’ service in varied 
conditions without excessive abrasion while others were severely 
damaged by one flight in snow and heavy rain. 

The shoes were applied to the blade by adhesives. The attach- 
ment changed the contour of the blade profiles from 0.050 to 0.065 
in. at the leading edge and about 0.010 in. at the 20 per cent chord 
point. The blade shoes covered about 25 per cent of the blade 
chord on the camber face and slightly less than 20 per cent on the 
thrust face on one installation which gave favorable results. The 
heating intensity of the electrically heated shoes was twice as 
great over the leading-edge part of the shoe as over the areas im- 
mediately to the rear of the leading edge on camber and thrust 
faces (6). 

Power has been successfully supplied to the electrically heated 
blades by propeller-hub-type alternating-cuttent generators and 
through slip ring and brushes from an electric power source, such 
as the regularly installed generator. 

Air for use in the air-heated hollow steel propellers was sup- 
plied from heat exchangers in one successful demonstration of the 
system. The energy employed in the propeller air-heated system 
was excessive and all ice was not prevented in every test, although 
it should be noted that by baffling the blade interior the heat 
would have been better employed and better protection would 
have been provided. 

Miscellaneous Parts. Although the results of tests on wings, 
windshield, and propellers are indicative of how ice may be pre- 
vented on other vulnerable parts of the airplane, direct solutions 
to the miscellaneous problems have not been established. Indi- 
vidually,_the collection of ice at points on the airplane other than 
on the wings, windshield, or propeller may not seriously affect the 
operation of the craft. Collectively, however, the miscellaneous 
problems, unless solved in part, may so handicap the airplane 
that the advantages of the improved protection to the wings, etc., 
will not reward the operator with the improvement in reliability 
which would otherwise be achieved. 

The formation of ice on exposed frontal parts of the airplane 
such as the fuselage, engine cowls, and propeller spinner has been 
observed to be of sufficient size and shape to reduce the perform- 
ance slightly, create a hazard when the formations become dis- 
lodged and fly rearward, and in the case of the cowls create an 
interference with the propeller blades which might interfere with 
blade-angle movement in an extreme case. 

The formation of ice on radio antenna wires has broken the 
wires on most airplanes which have been operated in severe icing 
conditions unless steel cables were used in place of the copper wire 
which is customarily employed. Ice formations on radio antenna 
insulators have caused a reduction in the distance over which ra- 
dio signals could be transmitted. 

The formation of ice on the mast to which the static-pressure 
orifice for the airspeed and altimeter system is mounted causes an 
error in the meter readings and increases the drag of the airplane. 
In extreme cases the masts have been broken away from the air- 
plane fuselage. 

The formation of ice inside and on the edge of inlets to air ducts 
will reduce the inlet area and increase the air-pressure losses in 
the duct. Turning vanes in air scoops will collect ice and cease 
to be an advantage to the circulation of air. When ice dislodges 
from the opening and passes into the duct, due to flight into warmer 
air temperatures, the formations have seriously stopped the flow 
of air into a duct for a period until the ice has completely melted. 

The formation of ice on exposed moving mechanisms has ren- 
dered such equipment inoperative. The exposed cable and pulley 


wheel or similar devices on propeller governors which are mounted 
on the front face of the engine, and the alternate air-intake door 
and operating arms for carburetor air intakes are examples of 
equipment which has been affected by ice formations. Slight 
accretions have been observed on control-surface hinges and bal- 
ance weights but not of sufficient size to cause interference since 
these parts are ordinarily shielded by the forward part of the 
aerodynamic surface. 

Engine Air-Induction System. The established practices of 
heating the engine air in this country and of heating the parts of 
the carburetor and induction system walls in the United Kingdom 
will prevent and remove the formations of ice in the engine air- 
induction system (7). Most airplane service installations of the 
air-heating system are unsatisfactory because of high maintenance 
requirements and the use of unsatisfactory mechanical arrange- 
ments for adjusting the carburetor air temperature. The air- 
temperature rise which is required for the removal or prevention 
of ice in the induction system is known by most airline and mili- 
tary operators and will not be discussed here. 


EQUIPMENT 


The application of the thermal ice-prevention system has neces- 
sitated the invention and development of new and unique mecha- 
nisms. The success of the detail design of the system is depend- 
ent upon the judicious choice and use of these devices. In the 
conduct of full-scale research, some experience was gained on 
some of the mechanical, thermal, and electrical equipment which 
must be used to implement the thermal system. These data are 
not a substitute for long service experience but may be helpful in 
the current phase of the development. 

Sources of Heat. Heated air has been provided for wings, em- 
pennage, windshield, and propeller by exhaust gas-to-air heat ex- 
changers in service and experimental airplanes, and by combus- 
tion heaters in experimental airplanes in this country. In Ger- 
many, the heat exchanger, combustion heater, and a mixture of 
exhaust gas and air have been employed as heat sources. Ade- 
quate heat capacity can be achieved with any of these types of 
heat source although several airplane systems have been designed 
which failed to meet the design requirements in this regard. Heat 
exchangers have been employed in service in large numbers which 
have given no cause for maintenance after thousands of hours 
flight time. Other heat exchangers have not given satisfactory 
service and have been replaced. Combustion heaters have been 
employed in service in sufficient volume and for a long enough 
time (for cabin-heating purpose) to indicate that this type of 
source can be made satisfactory. Minor service complaints have 
been experienced but none has been found which involves un- 
solvable problems. 

Installations of the exhaust-gas exchanger have been made 
which provide adequate heating under all necessary operating 
conditions (11). Whereas the use of the combustion heater obvi- 
ously involves an economic loss due to the use of gasoline for 
heat, the continuous passage of air and exhaust gas through the 
heat exchanger also involves a power loss which must be com- 
pensated for in increased power of the engines in order to main- 
tain unaltered climb and speed performance (12). 

Electric power has been provided by propeller-hub-type al- 
ternating-current generators for propeller ice prevention and the 
airplane’s electric system. Service difficulties have been experi- 
enced in the use of the hub generators; however, the problems do 
not appear beyond solution. 


Atr-DISTRIBUTION SysTEM 


The distribution of air from the heat sources to the heated 
areas has been accomplished with aluminum, aluminum strength 
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alloys, mild steel, stainless steel, and glass-fabric tubes. The dif- 
ficulties experienced with the duct systems were as follows: 


1 Excessive air-pressure loss due to small size ducts, circuitous 
paths, internal protuberances, collapsed fabric flexible connectors, 
sharp corners, and improperly located or shaped guide vanes. 

2 Excessive maintenance due to use of soft metals which were 
easily dented, use of thin metal which fluttered and failed in fa- 
tigue, duct connections which made repair of any part very dif- 
ficult, use of insulation materials which deteriorated under vibra- 
tion and wear, and control valves which failed elastically or in 
fatigue due to the use of small metal gages. 

3 Off-gassing of pungent volatile materials when hot. 

4 Creation of a fire hazard by the absorption of inflammable 
liquids in duct-insulating materials. 

5 Air losses at duct joints and seams. 


Controls. An electric control consisting of motor-actuated air 
valves, overheat turn-off switches, off-on signal lamps, on-off 
switches and a signal test circuit has been found satisfactory in 
one experimental system which employed heat exchangers (5). 
So-called safety devices and alarms failed more frequently than 
did the equipment against which failure the safety device was to 
provide. 

Instrumentation. The definition of the properties of a thermal 
ice-prevention system has been accomplished with great diffi- 
culty. The use of the very elaborate and expensive measuring 
equipment and testing methods has not altered this situation (5). 
The measurement of pressures is handicapped by the turbulent 
condition usually existing in the duct system. The measurement 
of pressures is difficult because the instrument usually altered the 
condition being measured. With care, air flow rates can be 
measured to within plus or minus 10 per cent. Attempts to 
invent and develop ice-rate indicators have not resulted in 
success. 

Temperatures can be measured with accuracies as given in 
Table 1. 


TABLE 1 PROBABLE ACCURACY OF TEMPERATURE 
MEASUREMENT IN FLIGHT 
Range, Accuracy, 

Item deg F deg F 
0 to 300 +8 

300 and above +20 


* With greatest care and with correction for kinetic effect on a wetted 
thermometer bulb in a moving stream. 


The stresses induced in a heated wing have been measured in 
tests from which apparently reliable results were obtained. The 
accuracy of this work is stated to be + 400 psi for the stress-change 
data involved in the heated wing (13). 

The measurement of the temperature of the ambient air has 
been studied with care for the case of the thermometer bulb being 
located in a moist moving stream (14). 


METEOROLOGY 


The measurement of the meteorological factors, i.e., water con- 
tent, droplet size, and air temperature, has been undertaken by 
several capable engineers and the work continues, but the results 
thus far have not been encouraging. The best information on 
water content now available is that measured at mountain top 
weather bureau stations and that resulting from analytic studies 
which are based upon fundamental concepts of the physics of the 
air. Limited flight data substantiate data collected by ground 
stations and from analytical studies. The data are more satis- 
factory for stratus-cloud structures than for frontal or vertical de- 
velopments. The great variations within clouds of vertical 
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development and frontal phenomena make the measurement 
in these conditions particularly difficult. 

The water content and droplet size in stratus clouds have been 
estimated to approach the values given in Table 2. 


TABLE 2 ESTIMATED PHYSICAL DATA ON WATER IN 
ATMOSPHERE 


Droplet size, 


Air temperature, 1 Water content, 
deg F g per cu m 
0 10 0.50 
5 13 0.55 
10 16 0.75 
15 19 1.15 
20 23 1.65 
25 26 2.30 
30 29 2.85 
32 30 3.00 


The values given in Table 2 are established by a faired line 
which has been drawn on a graphical presentation of weather- 
bureau data (15). The faired curve was drawn so as to give values 
which in all cases exceeded the data thus far observed and there- 
fore is probably conservative. Our knowledge of the weather is 
obviously inadequate. 


OPERATIONAL Factors 


Flight tests have been made by various observers over the 
United States from the Pacific Coast to the Great Lakes region, 
and over Canada from the Lakes to the Atlantic Coast and be- 
yond. No variation in the nature of ice due to geography alone 
should be expected and none has been observed. Most severe and 
frequent icing conditions have been observed where a combination 
of large water content and subfreezing temperatures are encoun- 
tered. The movement of Pacific air masses over the mountains 
along the Pacific Coast and the movement of frontal disturbances 
from the central mid-continent in an easterly and northerly direc- 
tion cause severe icing conditions. Air mass or local weather does 
not usually produce dangerous icing conditions except over termi- 
nals where traffic is held aloft for long periods at fixed altitudes. 

As has been reported by many investigators, formations can 
occur at air temperatures from 32 F to as low as —40F or lower. 
Flight tests have been made in which icing has been encountered 
up to 18,000 ft pressure altitude. Reports have been recorded 
from flight operations over the North Atlantic of icing conditions 
which extend to about 27,000 ft pressure altitude. Icing at alti- 
tudes above 20,000 ft is found only in clouds of vertical develop- 
ment and therefore occurs over limited areas or along narrow 
lines. 

Changing the velocity of an airplane will affect the formations 
of ice in accordance with the kinetic equation (14). Present trans- 
port aircraft do not fly sufficiently fast to prevent ice on the wing 
except at air temperatures near 32 F. The velocity of the outer 
blade radius sections of the propeller, however, is heated by the 
kinetic effect to a degree which wil prevent the formation of ice 
under most conditions. In order to take advantage of the velo- 
city effect in the design of propeller ice-prevention equipment, it 
is necessary to consider the thermal conductivity and other fac- 
tors involved in the blade-heating problem (16). 

The tests in icing conditions have involved sustained flight for 
over 2 hr in intermittent, moderate, and light icing conditions. 
Tests in severe conditions have been for short periods only because 
of the limited size of the regions in which such conditions have 
been found. Several experiences with severe conditions have 
been encountered for periods of about 20 min. 

The performance of a system cannot be judged by an observa- 
tion at any one instant because some ice accretions on the surface 
of an airplane wing which is heated less than that required for 
complete prevention will accumulate and intermittently be blown 
away, the bond having been broken by heating which was not 
adequate for complete prevention. 
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Operations have been made in icing conditions during engine 
warm-up, taxi, take-off, climb, cruise, let-down, landing, single 
engine cruise, and single engine’ let-down with adequate protec- 
tion provided. Frost has been removed from the leading-edge 
regions of the wing and empennage in about 15 min. This opera- 
tion is usually accomplished in less time than that required for 
the warming-up of the engines. 

The removal of ice from the wings, after accretions have been 
allowed to form, sometimes is accomplished satisfactorily, other 
times with some refreezing on the rearward and unheated portions 
of the wing. 

The installation of the thermal system will result in a loss of 
climb and speed performance at all times when air is passed 
through a ram-actuated system. The internal and external losses 
will have almost a negligible effect on the performance of the air- 
plane if care is used in providing the utmost in aerodynamic clean- 
liness. A poorly designed installation, on the other hand, can 
cause a loss of as much as 6 mph in speed at 55 per cent power 
cruise. The use of alcohol blade shoes on propellers has not re- 
sulted in a measurable loss in performance, although it is reasona- 
ble to believe that a slight loss in propulsive efficiency has been 
experienced when the design blade section ordinates are changed 
to the extent necessary in the heater installation. The blade 
shoes could be expected to have a greater effect on new and well- 
designed propellers. 

The passage of heated air through a propeller and the dis- 
charge of air at the propeller tip cause a slight loss in propulsive 
efficiency. These losses will depend upon the shape, size, and 
location of the tip outlet, and the nature of the air passage. 

Service experience with the heated wing indicates that the 
construction involved complicates the problems of repair of the 
leading-edge region. When damaged by hail, rough ground 
handling, or bird strikes, the replacement of the double-skin 
regions is particularly difficult. Normal means of corrosion pre- 
vention, i.e., alelad and dichromate primers, have retarded corro- 
sion on three experimental airplanes after two years of operation. 
Metallurgical inspection of structural parts has not revealed any 
deterioration in the allowable strength, yield strength, elonga- 
tion, or cyrstalline structure. 


DISCUSSION AND SPECIFICATIONS 


The results of all tests and experience in this country and 
abroad indicate that the thermal system can be applied to most 
commercial and military airplanes in a manner which will retain 
normal operational efficiency and dependability during condi- 
tions of icing. 

In order for the thermal system to make a contribution in im- 
proved dependability, the airplane must be able to operate in 
icing clouds or freezing rain at any of the various operating con- 
ditions. It is not sufficient that the efficiency of ice prevention 
in the cruising altitude, for instance, be better than present equip- 
ment. An improvement in the protection during cruising would 
improve the safety, but unless the conditions of take-off, taxi, 
and landing are equally provided for, the operator will not be 
able to improve greatly his flight regularity. 

The engineer therefore must give care in making the thermal 
ice-prevention installation in order to assure that protection has 
been provided for all normal altitudes and conditions of flight. 
A thorough knowledge of applied operations is a necessity in 
meeting this requirement successfully. 

The evolution in design will alter the application of the ther- 
mal system, but it will not change the natural truth of ice being 
melted by heat. The fundamental seems to have been estab- 


lished. 


5 With a twin-engine airplane. 


Preliminary to the statement of detail specifications, an ex- 
pression (or at least understanding) of the general objectives 
should be formulated. The general specification should define 
the degree of perfection, and certain specializations which result 
from the use to which the airplane is to be put, the climate and 
region in which it will operate, the class of service, and the civil 
or military codes, compliance to which is mandatory. These 
general qualifications frequently are stated in part through other 
sections of the specification for an airplane but not in sufficiently 
complete detail to define the general requirements of the ice- 
prevention equipment. A specific statement on perfection is de- 
sirable because the results of tests and experience thus far ob- 
served show that the costs of perfect protection for an unlimited 
flight duration in the most severe conditions, and under condi- 
tions of a dual emergency (such as engine failure in addition to 
icing conditions), may penalize the usefulness of the aircraft to 
an impractical degree. Economically there is a limit to the per- 
fection of ice protection in somewhat the same manner that there 
is a limit to the load factor or power loading which can be pro- 
vided in an economically employed vehicle. 

In addition to a statement on the degree of protection desired, 
the following general specifications are recommended: 


0:1 The formation of ice on the airplane in any manner or 
location which shall reduce the operational efficiency, interfere 
with regularity of service, or reduce the safety of flight shall be 
prevented. 

0:2 The installation of the equipment shall result in the mini- 
mum increase in weight and maintenance, and minimum decrease 
in speed and climb performance. 

0:3. The safety, structural capacity, hazards from fire or 
gaseous poisoning of personnel, and versatility of the airplane 
shall not be adversely altered in any degree by the installation of 
the thermal system. 


Aerodynamic Lifting Surfaces. Complete protection for the 
wings, empennage, and control surfaces will preserve the lift, 
drag, and pressure distribution of the basic airfoil, protect the 
operation of mechanisms, maintain flow through leading-edge 
duct inlets, protect the illuminating qualities of lighting equip- 
ment mounted thereon, and prevent damage to or interference 
with other parts of the airplane due to ice on the wing or to ice 
which has become dislodged from the wing and flies rearward. 

The complete prevention of ice requires that the leading edge 
be maintained at a temperature above 32 F over all regions on 
which liquid water may reside. An ideal solution in the evalua- 
tion of the heat required might consist of determining how much 
water will strike the leading edge and over what area of an airfoil 
at the various water contents and droplet sizes given in Table 2. 
By assuming all or a specified portion of the water evaporated, 
the remainder to be abraded away by the airstream; by assuming 
a specified transition from laminar to turbulent flow as affected 
by the presence of water on the wing; by assuming the surface 
to be hydrophobic or hydrophilic, or to what degree of each; 
and by making other simplifying assumptions of aerodynamic 
nature, the required external heat-transfer coefficient at various 
chord points may be approximated. These calculations should be 
done at several air temperatures and therefore at several water- 
content conditions as given in Table 2 in order to establish the 
condition of maximum heat requirement and the optimum distri- 
bution for all conditions. In order for this method to be com- 
pletely rigorous, the calculations should also be repeated for several 
combinations of wing and power loadings. This process does not 
seem practical because the data of Table 2 are not and have not 
been purported to be authoritative, nor have other weather data 
more authoritative been established. The process is of dubious 
accuracy because nothing is known about the relation of mass 
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transfer to abrasion losses or the distribution of this relation along 
the chord of the wing. 

A rigorous solution to the external heating requirements on an 
airfoil will not be possible in the design of the thermal ice-preven- 
tion equipment until the weather conditions, i.e., water-content 
and droplet size variations with air temperature, have been estab- 
lished and recognized by regulating agencies and until the phys- 
ical and thermal processes on the wing leading-edge exterior are 
better understood. 

The degree of protection given a wing will depend upon the in- 
tensity of heating, the extent, and distribution of the heat, the 
pressure distribution of the airfoil, surface smoothness and wet- 
ability, and other factors. The specification should allow free- 
dom in design which will permit the engineer to take advantage 
of all artifices and fortuitous circumstances. For example, in the 
propeller-wake region, it may be permissible and desirable to 
discharge the heated air from the leading-edge system into the 
boundary layer at about the 15 per cent chord point and thus 
greatly improve the thermal effectiveness of the system. 

The experience gained thus far with the thermal system has 
shown that airplanes equipped with exhaust-heat exchangers will 
have been provided with protection for the lifting surfaces if suffi- 
cient heat is delivered to the 10 per cent chord leading-edge area 
to produce 100 deg F skin temperature rise at 18,000 ft altitude, 
0 F ambient air, long-range cruise power, and in clean air. In 
the airplanes with which this experience was gained the heated 
air was passed through the after region of the wing after it had 
served its purpose in the leading-edge system. The effect of 
passing the air through the after section may not be large. It is 
obvious that some benefit will accrue, however, just as it is ob- 
vious that a greater heated chord coverage than 10 per cent will 
give a more efficient use of the heated air. 

Practical limitations of wing leading-edge construction require 
an internal exchange system similar to the Junker’s leading-edge 
intercooler design and therefore predicate within certain limits 
the type of distribution of heat which can be achieved with air or 
gas as the heating medium. While the distribution of heat 
may not be optimum as transmitted to the outer skin by the 
Junker’s intercooler design, neither is the distribution as ob- 
tained particularly wasteful of heat. By tapering the passage of 
the air gap, a nearly uniform outer-skin temperature can be ob- 
tained. The conductivity of the skin will even out peaks or val- 
leys which result from large or small transfers on the inner or 
outer surface at particular chord points. 

A specification for the aerodynamic lifting surfaces such as the 
following is recommended: 


1:1 A thermal system of ice protection shall be provided 
which shall preserve all of the aerodynamic, mechanical, and con- 
trol characteristics of the wings, horizontal stabilizer, fin, and 
all control surfaces. 

1:2 The degree of protection shall be equal to or better than 
that afforded by that quantity of heat which will raise the lead- 
ing-edge 10 per cent heated region average temperature 100 deg 
F above static ambient air temperature for the condition of 60 
per cent engine rated power at 18,000 ft pressure altitude and 
maximum load, less fuel required to climb to 18,000 ft pressure 
altitude. 

1:3 All air-duct inlets, outlets, breathers, exposed mechanical 
devices, and illuminating fixtures on or in the surface shall be 
provided protection equivalent to that afforded the leading-edge 
areas as specified in 1:2. 

1:4 The intermittent operation of the thermal system as 
presently designed for the aerodynamic lifting surfaces shall not 
be allowed except during emergency let-down and landing opera- 
tions. 
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Windshield. The practical application of the heated wind- 
shield has been extensive and therefore the preparation of speci- 
fications for this part of the ice prevention does not involve as 
many questionable issues as other parts with which service ex- 
perience is limited. The double-glazed windshield, which is 
heated by the passage of heated air between the panels, has pro- 
vided protection but is subject to many faults. Freedom in 
design is desirable therefore in order that new and better solu- 
tions to the problem may be developed in service. The wording 
of the windshield specification should allow this freedom. Since 
the air-heated system is the principal method now available, the 
specification should also seek to stimulate the improvement of 
this method by manufacturers who desire to continue its use. 

The external air film, infrared electric heating, electric conduct- 
ing transparent film, and embedded resistance-wire electric heat- 
ing all show promise and may replace the double-glazed arrange- 
ments. 

Specifications for windshield ice prevention are recommended 
as follows: 


2:1 Means shall be provided through the use of heat whereby 
the vision of the pilots through the cabin transparencies will not 
be reduced by the formation of ice, frost, or fog on inside or out- 
side, in any maneuver in flight or on the ground. 

2:11 The provision of adequate vision at all times must be 
achieved without the use of knock-out panels or the opening of 
windows. 

2:2 The heating of the pilot’s windshields shall not impair the 
comfort in the cabin of the airplane or cause irritation to the 
eyes, nose, or throats of personnel in the pilot’s cabin. 

2:3. The prevention of ice on the windshield should be accom- 
plished without the resort to water repellents on the outer surface 
of the glass. 

2:4 The operation of the thermal ice-prevention equipment 
shall not reduce the protection which is afforded by the wind- 
shield to the cabin occupants against bird impacts and similar 
hazards. 

2:5 The construction of the heated windshield shall not seri- 
ously impede the cleaning of the windshield glass. 

2:6 The heating of the windshield shall not cause an optical 
distortion of the pilot’s view. 

2:7 The heating of the windshield shall not cause an accel- 
erated deterioration of the plastic binders of safety glass or of 
elastic or plastic frame seals of the panel in the airplane. 

2:8 The protection against ice on the windshield should be 
equal to or better than that which is afforded when 1000 Btu of 
heat per sq ft per hr is passed through the outer surface of the 
transparency at an indicated airspeed of 150 mph. 


Propeller Blades, Although the quantity of heat required for 
the protection of the propeller blades has not been evaluated by 
analysis, experimental data havé been collected whereby ade- 
quate specifications can be prepared. As in the case of other 
equipment previously noted, freedom of design should be per- 
mitted because there are several ways in which the thermal sys- 
tem can be employed with apparently equal results. Ice on the 
blades of a constant-speed propeller reduces the efficiency of the 
propeller at all blade angles and also reduces the blade angle in 
accordance with the increase in drag of the blade section. Pro- 
tection of propellers therefore should be as nearly perfect as 
possible. 

The Army Air Forces Specification No. 29245, November 15, 
1945, may well serve as a guide in the detail specifications of the 
blade-heating equipment. The specifications as follows are also 
recommended : 


3:1 Means shall be provided whereby the propeller blades 
shall be heated in a manner and to a degree which shall prevent 
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the loss of propulsive efficiency or excessive propeller unbalance 
by ice formations or damaging shedding of ice fragments at all 
operating conditions in the air or on the ground. 

3:11 The prevention of ice on a propeller which is feathered 
shall not be required. 

3:2 The protection on the propeller blade should be equal to 
or better than that which is afforded by the continuous dissipa- 
tion of 3.2 w per sq in. average over the leading-edge 20 per cent 
chord region and 75 per cent of the span measured from the hub 
face, or by the intermittent dissipation of 3.5 w per sq in. over the 
same area, 

3:3 The construction of the blade-heating system shall pro- 
vide for a heating intensity on the leading-edge one-third of the 
heated area which is double that on the rear two-thirds. 

3:4. The propeller-blade heating installation or its operation 
shall not cause a reduction of the normal propeller efficiency. 

3:5 The construction of electrically heated blade shoes shall 
allow for trimming of the tip end when this region has become 
abraded by wear. 

3:6 The passage of heated air through a propeller blade shall 
not cause an apparent increase in the propeller noise level. 

3:7. The operation of the propeller ice-prevention system 
during reverse pitch braking is not required. 


Miscellaneous Parts. Specifications for the provision of pro- 
tection on regions and parts, the formation of ice on which does 
not create at once a direct hazard, are recommended as follows: 


4:1 The formation of ice on the front of the fuselage, engine 
nacelles, propellers, spinners, or hubs shall be prevented if ice 
formations on these parts, individually or collectively, cause a 
significant reduction in the performance of the airplane, or if the 
formation causes danger to, or malfunctioning of, the affected 
part or any other part of the airplane. 

4:2 The formation of ice shall be prevented by thermal means 
on the fuselage, and other places not otherwise specified, from 
which dislodged ice formations may cause damage to other parts 
of the airplane. 

4:3 Radio antennas and masts should be located so as to 
minimize the formation of ice thereon, and the strength of these 
parts should provide for carrying maximum ice formations with- 
out structural failure. 

4:4 Provision shall be made for the intermittent removal of 
ice from all protuberances, antenna wires, masts, and extending 
mechanisms when such formations reduce the specified perform- 
ance of the airplane or adversely alter the operational usefulness 
of the airplane. 


Specifications for the protection of minor functional parts are 
recommended as follows: 


4:5 Provision shall be made for the prevention of ice forma- 
tions by thermal means on air speed total- and stati-pressure 
orifices, on the mast supporting such instruments, and on the sur- 
face of the airplane where flush-type static orifices are employed. 

4:6 Wherever possible, air-intake scoops should be designed 
so as to eliminate the vulnerability of the scoop to ice formations, 
otherwise provision shall be made for the prevention of ice by 
thermal means from air-inlet scoop and guide vanes within air 
scoops. 

4:7 Provision shall be made for shielding all exposed mecha- 
nisms not otherwise protected from the formation of ice, the for- 
mation on which would cause damage or malfunctioning to the 
mechanism, 


Engine Air-Induction System. The protection against ice in 
the engine air-induction system is considered to be of first impor- 
tance by pilots and operators. No other phase of the icing prob- 
lem can affect the performance and safety as suddenly and dan- 


gerously as does ice in the carburetor and other induction parts. 
The provision of satisfactory protection has been handicapped 
because of the circuitous channels of procurement and divided or 
questioned responsibility. Protection for the induction system 
involves considerations of engine, carburetor, airplane design, and 
airplane operations. In the past, the engine and carburetor have 
frequently been designed without consideration of the ice prob- 
lem. In other instances, false claims have been made which 
have misled the pilots until authentic operating data were availa- 
ble. 

The only satisfactory solution to the induction icing problem 
is one in which no ice is allowed to form during all operating 
condition. The operation of the system should not adversely 
alter the performance of the airplane and should not limit the 
operation of the engine when ice is being prevented. Whereas 
these requirements are important in consideration of reciprocat- 
ing engines, they are even more important when turbine type 
engines are employed. 

Recommended specifications for the protection of the engine 
air-induction system are as follows: 

5:1 Provision shall be made for preventing the accumulation 
of ice in the engine air-induction system through the use of ther- 
mal means. 

5:11 The thermal system of ice prevention shall provide for 
the heating of the walls, exposed parts, and protuberances in the 
induction system,to, or above, the freezing temperature of water; 
or 

5:12 The thermal system of ice prevention shall provide for 
the heating of the engine air to a temperature above the freezing 
point of water at all points along the path of air flow. 

5:2 The use of the thermal system shall not limit the power 
rating or manifold pressure at which the engine may be operated 
when the system is in use. 

5:3 The use of the thermal system shall not reduce the power 
of the eingine (because of a reduced ram pressure in the engine 
manifold) to an extent which will reduce the operational effi- 
ciency of the airplane. 

5:4 The operation of the thermal system shall not require ad- 
justment by the pilot of the airplane nor shall any attention from 
the crew be required by the equipment while it is in use. 

5:41 Required thermal modulation, where not inherent in the 
system, shall be provided by automatic devices. 

Miscellaneous Mechanical Equipment. Good mechanical de- 
sign of aircraft is a, production of good engineering administra- 
tion, a willingness on the part of the manufacturers to allow ade- 
quate time for design and tests of new developments, and an ac- 
curate statement by the operator who buys the airplane of the 
anticipated requirements. Some detail mechanical specifica- 
tions are desirable, however, several items of which follow: 

6:1 A source of heat or power for each component of the ther- 
mal system shall be provided which will have adequate capacity 
for all normal and emergency operating conditions and for all 
meteorological conditions to be encountered. 

6:11 Operating conditions in which the thermal system shall 
be required to function are engine warm-up, taxiing, take-off, 
climb, climb with one engine inoperative, cruise at all loading and 
power conditions, cruise with one engine inoperative, 400 fpm 
let-down with 45 per cent or more engine power, 400 fpm let- 
down with one engine inoperative, and landing. 

6:2 Provision shall be made to protect the airplane structure 
and equipment, which will be in contact with the circulated heat- 
ing medium, against corrosion from active ingredients contained 
therein. 

6:3 Inso far as the output of the heating source is not inher- 
ently modulating, provision shall be made to limit the maximum 
temperature of the circulating medium to 350 F. 
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6:4 Provision shall be made, in systems employing exhaust 
gas-air heat exchanger or exhaust gas-air mixing equipment, to 
close the hot-air duct if a fire occurs in the engine nacelle. 

6:41 In event of fire in the engine nacelle, the hot-air duct 
shall be closed with a stainless-steel valve by automatic means. 

6:5 Provision shall be made for easy access to the equipment 
of the thermal system, for easy inspection, and for the repair of 
the wing and empennage leading edges, ducting, and valves by 
normal aircraft sheet-metal shop practices and without excessive 
cost. 

6:6 An indication of good duct design shall be when the pres- 
sure losses in the duct do not exceed those occuring in the heat 
exchanger, combustion heater, or wing leading-edge internal heat- 
transfer system. 

6:7 Provision shall be made to prevent the absorption of 
liquids such as hydraulic fluid or oil into the thermal insulation of 
hot-air ducts. 

6:8 Only such insulating materials may be employed on the 
ducts which are fireproof, contain no volatile oils, and which do 
not deteriorate when subject to aircraft vibration. 

6:9 Flexible fabric connectors may not be used in the air 
duct system. 

Acceptance Tests. The approval and acceptance tests of the 
equipment should be given careful consideration in the specifica- 
tions. Although the only permanent proof of acceptability will 
be satisfactory protection in ice over a long period of service, pre- 
liminary tests on one airplane can serve to show approximately 
the thermal qualities and therefore the ice protection to be 
afforded. It should be noted, however, that the only practical 
time to change the thermal ice-prevention system is when it is 
still on the drawing board. 

Recommended specifications for the acceptance tests and in- 
strumentation of the thermal system are as follows: 

7:1 The capacity of the thermal system to produce and dis- 
tribute the required quantities of heat to the protected compo- 
nents shall be demonstrated prior to flight tests and preferably 
prior to the assembly and fabrication of the components into the 
airplane. 

7:11 The capacity of the thermal system shall be determined 
from airflow rates and air-temperature measurements. 

7:12 The flow rate to each component of the thermal system 
shall be within 5 per cent of the designed flow rate when the rate 
through the air inlet is in accordance with the design value. 

7:13 The quantity of heat delivered to each component of the 
system shall be within 10 per cent of the design value. 

7:2 The capacity of the thermal system to modulate the air 
temperature within specified limits shall be demonstrated in 
accordance with the performance demonstration as specified in 

7:3. The measurement of temperatures may be by thermo- 
couples and manual or automatic recording potentiometers. 

7:4 Installations employing exhaust-gas exchangers or gas- 
air mixing devices shall demonstrate that the back pressure on 
the engine is within allowable limits, that specified temperature 
modulation is achieved, and that the capacity of the heat source 
is adequate for all conditions as specified in 6:11. 

7:50 A demonstration of the control system shall be made 
prior to flight wherein all normal and emergency contingencies 
which may be encountered will be simulated. 

7:51 The control system shall cope with all operational con- 
tingencies with the safety of the airplane and personnel main- 
tained. 

7:60 The performance of the thermal system shall be demon- 
strated in flight in dry air and in stratus-type clouds. 

7:61 Flight-performance tests shall demonstrate the normal 
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and emergency operation of all controls, burners, heaters, valves, 
safety devices, and equipment of the thermal system. 

7:62 Flight-performance tests shall demonstrate that the heat 
is properly distributed to the various components of the heated 
system. 

7:621 The demonstration of heat distribution shall be made 
in dry air, and stratus clouds at kinetic temperature above 32 F, 
and in cloud conditions as obtainable at kinetic temperatures be- 
tween 0 and 32 F. 

7:70 Provision shall be made and procedures outlined in 
printed form whereby all components of the thermal ice-preven- 
tion system may be observed in operation and inspected when the 
airplane is at rest on the ground. 

7:80 The thermal system should be equipped with a means of 
indicating in flight that heat is or is not being supplied to the 
wings, empennage, and propellers. The indicator shall be within 
the full view of the pilot’s, copilot’s, or flight engineer’s station. 


CONCLUSION 


The use of the thermal ice-prevention system involves many 
aspects of heat transfer. The progress which has been made in 
establishing a solution to the problem has, in large part, been due 
to the interest which has been given to the application of the 
thermal system by engineers who have given special study to this 
branch of engineering. 

The use of the thermal system, however, has not been different 
from most other engineering applications of heat in that the prob- 
lem involves many considerations which require a knowledge of 
other branches of engineering. In our present case, the aerody- 
namics of the wings, the propulsion of the propeller, the metal- 
lurgy of the structure materials, the economics of operational 
aeronautics, and many other branches of knowledge, which are 
important fields of specialization, must be considered. 

The specifications and comments enumerated above cannot be 
expected to be complete in all detail. They do call attention, 
however, to many features of the thermal system that might 
otherwise not have been considered by engineers who have not had 
the opportunity to follow closely the research and development 
work on this problem. Giving to the design engineer in the fac- 
tory and the operations engineer in the air line the most complete 
statement of the experiences of the research work should enable 
us to obtain the best equipment, at the least cost, and in the 
shortest time. 
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The Escher Wyss-AK Closed-Cycle Turbine, 
Its Actual Development and Future 
Prospects 


By CURT KELLER,' ZURICH, SWITZERLAND 


This paper is the first comprehensive presentation in 
this country of details of the gas-turbine process employ- 
ing a closed cycle. In spite of grave handicaps entailed 
by the war, the development of this turbine proceeded 
from the first experimental installation in 1939, to the 
advanced designs which are now available for industrial 
application. 


INTRODUCTION 


NLIKE combustion turbines little has so far been re- 

ported in the United States about the gas-turbine proc- 

ess employing a closed cycle. The first plant of this 
kind was completed in Switzerland during the summer of 1939, 
just before the outbreak of war, namely, an experimental installa- 
tion of 2000-kw useful output, Fig. 1. The enforced seclusion 
of Switzerland during the last 6 years, and more especially the 
interruption of communications with America made it impossi- 
ble to discuss this new AK-plant, developed by the Escher Wyss 
Engineering Works in Zurich according to proposals made by 
Ackeret? and Keller. 

However, in spite of the many difficulties arising from the war, 
it nevertheless proved possible to try out the experimental plant 
until normal industrial operation was reached and to investigate 
fully all its components. 

About a year ago Prof. H. Quiby (the successor of Professor 
Stodola at the Swiss Federal Institute of Technology in Zurich) 
carried out exhaustive official performance trials on the new 
plant. A report (8)° on these trials was published in June, 1945. 
These official trials represent the termination of the first phase 
of internal scientific development, and the results obtained have 
justified in every respect both the theoretical and practical ex- 
pectations. Projects embodying such a closed-circuit plant for 
power generation or ship propulsion can now be realized, on the 
basis of the preliminary studies extending over a number of 
years, without unwarrantable technical risks being involved. 
The questions that arise in this connection and the construc- 
tional solutions which we consider suitable from the technical 
point of view will now be mainly dealt with. 

Since 1939 a number of original publications have been made 
regarding the theoretical and physical bas‘s of the AK-process, 
which are now also accessible to American engineers (several of 
these articles have already been printed in English). The Bibliog- 
_ taphy of the chief papers regarding this field, together with the 
short index at the end of this paper, are quite comprehensive. 


' Director of Research, Escher Wyss Engineering Works. 

* Professor of Aerodynamics and Flow Mechanics, Swiss Federal 
Institute of Technology, Zurich, Switzerland. 

3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., November 26-29, 1945, of 
THE AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fie. 1 GENERAL VIEW OF THE First 2000-Kw ExPERIMENTAL 
PLant aT EscHER Wyss Works IN ZurRIcH, SWITZERLAND 


It will suffice therefore to give a brief summary of the chief 
characteristics of the new process as an introduction. Some in- 
formation, but not all the data, was provided in a preliminary 
report which was read by R. T: Sawyer and discussed by S. A. 
Tucker during the June, 1945, meeting of the Society. 

In recent months we have been favored by a number of visits 
from American engineers who came to the Escher Wyss Works, 
where information concerning the development work in connec- 
tion with these AK-plants was given, and the trial installation 
itself was explained. As a consequence, our work in this field 
has become known among a wider circle of specialists. 

The publications hitherto made with regard to the basis and 
development of the AK-process will be supplemented for the 
first time in the present paper by referring in greater detail to 
studies and designs, so far not published, for closed-circuit units 
which from the technical point of view are now practicable, 
and by remarks concerning the later uses and further possibilities 
of development. Since the research work and the whole field 
for such installations are very extensive, it is possible within the 
framework of the present paper to discuss only the principal 
ideas on the basis of examples. 


: 
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SumMarY OF THEORETICAL AND PuysicaL BasEs oF CLOSED 
CIRCUIT AND ITS PARTICULAR FEATURES 


As in the case of all other gas-turbine processes, it is our en- 
deavor to approach as closely as possible the thermal efficiency 
of the ideal process for thermal prime movers, namely, the Carnot 
process, and furthermore with means which are simple in practice 
and at the same time economical. The closed gas cycle offers 
favorable possibilities for realizing this aim. 

In the case of air or other technical gases the Carnot process 
proper, Fig. 2, is accompanied by numerous practical draw- 
backs, because for attaining the high initial temperatures 7), 
which modern steels are capable of withstanding, very high pres- 
sure ratios P;/P: from 200 to 300 have to be dealt with, especially 
during the adiabatic compression, which is difficult to realize in 
turbomachines. 

The AK-process endeavors to bring about a cycle, the so- 
called double-isotherm cycle, which is thermodynamically equiva- 
lent to the Carnot cycle for gases. Fig. 3 illustrates this cycle in 
comparison with the Carnot cycle proper. The AK-process em- 
ploys only small pressure ratios between A and B for isothermal 
compression of the air. Further adiabatic compression between 
B and C; according to Carnot, is intentionally dispensed with 
and replaced by an internal exchange of heat at constant final 
pressure of the preceding isothermal compression. The supply 
of heat from an external source by the combustion of fuel shall, 
as in the Carnot process, take place exclusively along the isotherm 
C-D. After this expansion with simultaneous development of 
power, the heat is reimparted to the gas along B-C by internal 
heat exchange in the circuit itself, whereby the pressure remains 
constant. This double-isotherm circuit has exactly the same 
theoretical efficiency as the Carnot cycle and is, consequently, 
dependent only upon the temperatures 
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But the high pressure ratio, which is such a drawback, is entirely 
avoided; it can be reduced to a small fraction of the foregoing 
value, and one is not bound to a given relationship Pmax : Pmin 
for attaining the maximum temperature 7). 

The hatched surfaces ABCD in the entropy diagrams, Figs. 
2 and 3, illustrate the work obtained for each unit weight of gas 
(air) for the Carnot circuit and for the double-isotherm circuit. 
This work is the difference between the turbine output D’C’CD 
(= heat supplied from external source Qin) and the compression 
work A’B’'BA (= heat carried away in cooling water Qout). 
The relatively large proportion of compression work in the case 
of gas processes is clearly shown by the entropy diagram. 

Complete isothermal compression and expansion can, of course, 
be only approximately realized in the machines that are available 
in practice. However, compression and expansion by stages, 
with intermediate cooling or heating (indicated by dotted lines 
on the AK-diagram) permit of this aim being put into practice 
to a considerable degree with only a few stages. The average 
temperatures 7,’ for the supply and extraction of heat 72’ do 
not then deviate very considerably from the highest and lowest 
temperature of the ideal circuit. At the same time, the chief re- 
quirement of the thermal law is still largely fulfilled, namely, 
that the whole heat shall be imparted to the working medium at 
high temperature, and the remaining heat, after the development 
of power, be extracted at as low a temperature as possible. 

An important new feature of the AK-process lies in the fact 
that the working medium is not taken from the atmosphere and 
afterward returned to the ambient air, as occurs in the case of 
all old reciprocating machines employing hot air, as well as in 
open-circuit gas turbines. Furthermore, since the AK-circuit is 
closed, it works with higher pressure of which the lowest pressure 
at the compressor inlet already lies considerably above atmos- 
pheric pressure. The chief characteristics, namely, a double- 
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pressure level, have decisive consequences for the realization in 
practice, to which reference will now be made. 

To illustrate the fundamental difference between the method of 
operation of the ordinary combustion turbine and the closed 
circuit of the AK-plant, simplified layouts for these different in- 
stallations are compared with one another in Figs. 4 and 5. In 


Fic. 4 Scwematic DraGraM or Open Circuit oF COMBUSTION 
Tursine With Heat ExcHANGER 


Closed cycle 


Fic.5 ScHematic DiacraM or CLosep Circuit or AK-PLANT 


place of the combustion chamber, the closed-circuit system has an 
air heater which is heated from an external source, corresponding 
to the boiler of a steam-turbine plant. In comparison with the 
open-combustion turbine which discharges its waste air to 
the open, the only additional component of the AK-plant 
is a precooler which cools the working medium after it has passed 
through the turbine and heat exchanger, to as low a temperature 
as possible before being reinhaled by the compressor. The 
principal features of our process and the characteristics resulting 
therefrom may be summarized as follows: 

The Closed Pressure Circuit. Soiling of runner or impeller 
blading as well as of heat-exchanger surfaces by combustion re- 
sidue or other foreign matter is completely eliminated, which 
provides a guarantee that the efficiency of the machines and the 
heat-transmission coefficients will remain unchanged. The 
working medium, which is always clean, permits the adoption of 
small cross sections for the elements of the heat exchangers. 

The system is so supercharged that the pressure at the suction 
branch of the compressor already lies considerably above atmos- 
pheric pressure. As a consequence of this supercharging the 
dimensions of all parts of the plant, both machines and heat ex- 
changers, are considerably reduced, on the one hand owing to 
the smaller specific volume of the working medium, and on the 
other hand because of the considerably increased heat-transmis- 
sion coefficients at a higher pressure. Such supercharged opera- 
pe permits of the unit outputs being increased almost without 
imit. 

External Heating. By separating the circuit of the working 
medium from that of the combustion air it becomes possible to 
employ any kind of solid, liquid, or gaseous fuel, such as bitumi- 
nous coal, lignite, oil, or gas. 

Output Regulation. The output of the plant can be varied by 
changing the pressure level without altering thet emperatures 
and while maintaining the efficiency practically unaltered at all 
loads, By raising or lowering the pressure level (brought about 
by temporarily supplying or extracting working medium to or 
from the circuit), the plant can be suited to any desired part 


load, simply by changing the density of its working medium. 
In doing this the flow conditions in the machines, the pressure 
ratios, the velocities, and the angles of attack to the blades re- 
main practically unchanged, the same being true of the internal 
efficiency. Hence the machines always operate at exactly the 
same point of their pressure-volume characteristic. Conse- 
quently, the efficiency of the plant is almost equally high at 
part loads as at full load, only the constant losses arising from 
bearing friction and heat radiation being proportionately more 
pronounced at part loads. 

The fact that the temperatures remain unchanged at all loads 
is a particular advantage for the practical operation of such plant 
at high temperatures. No regulating valves, etc., are provided 
in the circuit proper, i.e., either on the machines or auxiliaries. 
The means for controlling the supply and withdrawal of air, 
which is stored in cold compressed-air accumulators, are united 
in a regulating set outside the circuit of the working medium and 
are traversed only by cold air. 

The Use of Other Gases. Other working media than air can 
be adopted only in the case of a closed circuit with an external 
supply of heat. The employment of suitable light gases, such as 
helium, for example, opens up the possibility of increasing the 
output of the plant for the same dimensions, or of further raising 
its efficiency, as a consequence of the particular physical char- 
acteristics of such gases for special purposes (drive of transport 
means or aircraft). 


OpERATING CYCLES OF THE AK-PROcESS 


The simplest air turbines operate with direct expansion in the 
turbine itself and with two intermediate coolers in the compres- 
sor, as may be seen in Fig. 6. The most favorable pressure ratio 
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Fic. 6 Dtagram or One-Stace Gas Tursine WitH MEASURED 
Data or ror Futt-Loap OPERATION 
(This was the first plant.) 


for such a plant, with consideration of the efficiency and construc- 
tional requirements, is about 3 to 4 as for open-combustion tur- 
bines, with maximum pressures of 400 to 500 psi, depending 
upon the output. Since the efficiency is independent of the ab- 
solute pressure in all air circuits, these pressures are chosen only 
with regard to the constructional requirements. Even for the 
largest outputs no very high pressures are necessary, i.e., such 
as are encountered in steam turbines. For initial temperatures 
from 1200 to 1400 F, the discharge temperatures from the turbine 
are not higher than 750 to 950 F, so that no special alloyed 
steels are necessary for the heat exchangers. The example provided 
by the experimental plant proves that noteworthy thermal ef- 
ficiencies can even now be attained with single-stage designs. 

Fig. 7 shows the thermal efficiency which was measured during 
the official performance trials on the first experimental plant. 
In this connection it should be borne in mind that when this 
experimental plant was projected the chief intention was to try 
out the principle itself and test the co-ordination between the 
various components of the circuit. As a consequence of the in- 
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tended experimental work, the plant was laid out to insure easy 
accessibility to all parts thereof, so that measurements could be 
carried out without difficulty. Consequently, neither the ar- 
rangement nor the space requirements of the experimental plant 
may be taken as a criterion for later industrial installations which 
can be made much more compact. 

The Sankey diagram, Fig. 8, shows the course of the heat 
quantities flowing through the various parts of the plant. Sucha 
diagram applies in a similar manner to all single-stage installa- 
tions. For each 1000 kw the AK-plant requires about 20 Ib 
per sec working air in the circuit. In installations of larger out- 
put or to meet demands for higher efficiencies, we employ two- 
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Fic. 7 THERMAL ErricieNcy OF PLANT, AS DETERMINED 
BY OrriciAL Tests CarRIED Out IN DECEMBER, 1944 


(Curves indicate effect of relatively large bearing and insulation losses as 
well as power needed for auxiliaries) 


stage expansion with intermediate heating which can be easily 
put into effect, as the following examples demonstrate: 

This two-stage expansion represents a further and sufficient 
approach to the double-isotherm process which it has been en- 
deavored to realize from the beginning with the AK-process 
(see Fig. 3). Intermediate heating, or double heating, as we re- 
fer to it in the case of the AK-plant, brings about a saving in fuel 
of 10 to 15 per cent. Considerations of a theoretical and prac- 
tical nature lead, in the case of double heating, to the increased 
pressure ratio of about 10. 

As a result of the greater pressure ratio and consequently the 
larger heat drop in the case of double heating, with due considera- 
tion of the losses in the circuit, not only a considerable increase 
in the thermal efficiency is realized, but at the same time a fur- 
ther reduction is accomplished in the dimensions of the machines 
and auxiliaries. This applies, in particular, to the heat ex- 
changer because the weight of the circulating working air 
per unit of output is considerably smaller (approximately 12 lb per 
sec per 1000 kw), and because the greater pressure ratio allows of 
larger pressure losses without reducing the efficiency. 

Fig. 10 shows the conditions in the case of direct expansion (A) 
and double heating (B), with due consideration of the losses. 
The circuit with double heating (B), can be thought of as realized 
in practice by placing two single circuits (A) next to one another. 
If in both instances one takes the same values for the limit tem- 
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peratures 7), T2, with the same machine efficiencies n7, nx but 
with twice the pressure losses ¢; = 2 €4 and temperature differ- 
ences Atg = 2 At, in the recuperator for the case (B), then the 
course of the efficiencies applies for (A) and (B) equally, if only 
the pressure ratio is taken as abscissa for (A) and for (B) the 


A 
square of this ratio. The definition of € ise = —, €2 


Fig. 8 SaNKEY DIAGRAM FOR SINGLE-STAGE Tes? UNIT, SHOWING 
Quantities oF Heat in ActiION THROUGHOUT PLANT 
(This is also typical for other installations of this kind.) 


1 Calorific heat value of fuel ll Circulating flue gases 
2 Air heater 12 Heat losses of air heater 
3 High-pressure turbine 13. Low-pressure compressor 
4 Low-pressure turbine 14 Medium-pressure compressor 
5 Output at turbine coupling 15 High-pressure compressor 
6 Heat exchanger 16 High-pressure circuit air 
Precooler 17 Low-pressure intercooler 
8 Combustion air 18 High-pressure intercooler : 
9 Combustion-air preheater 19 Heat losses on high-pressure side 
10 Chimney 20 Heat losses on low-pressure side 
21 Mechanical losses 
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Fie. 9 CyYcLE-EFFICIENCIES FOR SINGLE-STAGE AND Two-STAGE 
INSTALLATIONS 
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A p = pressure drop on high-pressure side with pressure p;, or 
low-pressure side, pe. 

With reference to Fig. 9, curves 2 and 3 have been plotted for 
two different pairs of values At,¢«. Assuming the same differ- 
ence in temperature, for example A t = 36 deg F, and the same pres- 
sure losses e = 10 per cent with direct expansion and double heat- 
ing, the difference between curves 2 and 3 indicates the improve- 
ment by double heating. In the technically useful field of suit- 
able pressure ratios, it amounts to 4 per cent absolute. 

As already pointed out, the quantity of air in circulation be- 
comes smaller owing to the greater pressure drop for double heat- 
ing, so that the heat-exchanging surfaces are likewise reduced. 
If in the case of (B) one intentionally renounces to a certain ex- 
tent an improvement in efficiency by allowing greater tempera- 
ture and pressure losses as a consequence of increased velocities, 
the conditions will be those of the field between 2 and 3. How- 
ever, in this way the surfaces of the heat exchangers as well as 
the other dimensions can be reduced considerably. 

Installations with double heating operate according to the 
schematic diagram, Fig. 10. The corresponding Sankey dia- 
gram, Fig. 11, shows the reduced quantities of heat which are 
conveyed in comparison to Fig. 8. In actual installations, maxi- 
mum pressures of 400 to 600 psia with back pressures of 40 to 60 
psia will be adopted for small outputs, whereas for larger out- 
puts above 10,000 kw, the pressure is raised to a maximum of 850 
psia with about 85 psia back pressure. In this case also, the 
heat drops are so distributed that the heat exchanger can be 
built without requiring the use of special alloyed steels. The 
power stations and marine plants subsequently referred to oper- 
ate according to this circuit. 


EXAMPLES oF TyPIcaAL COMPONENTS OF CLOSED-CircuiT PLANTS 


Although the duty of the various machines and apparatus 
remains fundamentally the same in all installations, various de- 
signs nevertheless result which are dependent upon the different 
outputs required, the uses to which the installations will be put, 
the efficiencies and the available fuels. The closed cycle; operat- 

_ ing at a pressure above atmospheric, leads to conditions of con- 
“struction which deviate considerably from other kinds of gas 
and steam turbines. The consistent application of knowledge 
gathered from the laws of flow, from up-to-date aerodynamics, 
and also concerning the improved properties of metals subjected 


to high temperatures, coupled with proper harmonizing of the 
various components, has in recent years led to ever-increasing 
simplicity for our designs. They deviate in many respects from 
the layouts usually encountered for turbomachines. An AK- 
plant is not simply an assembly of known components; the ar- 
rangement of the various parts in relation to one another and 
the course of the working medium through the whole installation 
are the subject of careful study, whereby due attention has 
been paid to heat expansion. Only in this way can the pressure 
losses in the pipings and the other secondary losses be reduced to 
an admissible measure. 

In this connection it has proved advantageous that all parts 
of an AK-plant such as the turbines and compressors, as well as 
the heat exchangers and air‘heaters, form part of the actual man- 
ufacturing program of Escher Wyss, which specializes in the con- 
struction of turbomachines of all kinds. Thus all the com- 
ponents have been developed and built in the company’s own 
works, the experience gathered in various fields being duly co- 
ordinated and proper use made of the latest research results ob- 
tained in the company’s own hydraulic and caloric laboratories. 

It should also be borne in mind that AK-installations are quite 
suitable for standardization. Thus for example, the whole 
range of stationary installations from 3000 to 50,000 kw can be 
dealt with by a few types of machines and auxiliaries. The 
component parts of the heat exchangers themselves as well as 
the regulating means can, for installations of these various sizes, 
be put together in suitable combinations. This standardization 
which has been attempted but never realized in the case of steam 
turbines will have a favorable influence on the price calculations. 

Turbines and Compressors. Since the specific volume is re- 
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Fie.12 Cross Section Toroucs HP-TursineE or 25,000-Kw Ser 
(The effective output of this turbine is 28,000 kw.) 


Fic. 13 Cross Section Turoucu LP-Tursine or 25,000-Kw Set 
(The effective output of this turbine is 34,000 kw.) 


duced owing to the raised working pressure of the closed circuit, 
the machines are astonishingly small when compared to open- 
circuit combustion turbines. In addition, the heat drop that 
has to be dealt with is much less than in the case of steam-tur- 
bine plants, so that the closed-circuit turbine has not many 
stages. 

For informatory purposes the main dimensions of the rotors 
for standard AK-plants of various outputs have been indicated 
in Table 1. These dimensions may vary slightly according to 


the speed and blading (action or reaction) of the turbine, whether 
an axial or radial compressor and of course also in accordance 
with the pressure that is employed. For the greater part, how- 
ever, the sizes of the machines will not prove very different from 
the figures indicated in Table 1. The fact that no regulating 
valves or stop valves are fitted to the machines leads to favorable 
conditions for the construction of such hot-air turbines. 

This permits the adoption of constructional forms for the tur- 
bines which differ considerably from those usually employed for 
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TABLE 1 APPROXIMATE FIGURES FOR MACHINE OF CLOSED- 
CYCLE POWER PLANTS OUTPUTS (60 CYCLES 


Net output, kw....... 6000 12000 25000 50000 100000 
Maximum pressure, psi........... 600 600 850 850 850 
Maximum diameter of: 

High-pressure turbine, in. 17 19 26 35 47 

Low-pressure turbine, in. 31 39 50 70 87 
Maximum diameter of axial. high- 

pressure compressor, in. 10 12 16 20 27 
Maximum diameter of axial low- 

pressure compressor, in, ae 21 30 33 53 65 


steam turbines, Figs. 12 and 13. Special attention has to be 
paid to the inlet and outlet losses which, as a result of the small 
pressure and temperature drops that are utilized, play a relatively 
important part. The absence of regulating devices permits of 
the turbine being situated, literally speaking, immediately in the 
piping which conducts the working medium, an arrangement 
with which one is familiar in the construction of hydraulic ma- 
chines. 

It is possible, for example, to pass the working medium through 


an inlet branch supply pipe to the first runner wheel without em- 
ploying annular channels. The outlet can be made symmetrical 
and a considerable part of the kinetic energy can be recovered, 
for instance in spiral outlet casings as im hydraulic turbines or 
pumps. Such forms are also used for the axial-flow compressors. 
The small turbines also permit the adoption of double casings 
which are designed according to the same principle as the hot- 
air piping previously referred to. Between the thin internal 
shell and the external casing there is a layer of insulating ma- 
terial; the internal casing serves only for conducting the hot 
current, while the cold external casing takes up the pressure. 
The whole guide apparatus is fixed to the casing at a point where 
temperatures are low. In this manner the external casing is, 
even for high inlet temperatures, subject at the most only to the 
discharge temperature of the last stage (approximately 925 F). 
Thus although the turbine-inlet temperature is much higher, 
heat-resisting steel need not be adopted for the casing but only 
for the small internal parts. 


COMPRESSOR 
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14 Cross Section AxtaL-FLow ComMpRESSOR FOR 25,000-Kw Ser 


(n = 6000 rpm.) 
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Fie. 15 View or AxtaL-FLow Compressor WITH STREAMLINED INLET AND OvuTLET CASING 
(AK-Test Plant.) 
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Similar constructional principles, dictated by the latest knowl- 
edge in the field of flow techniques, apply also for the compressor 
and for the intermediate coolers forming part of the latter, Fig. 
14. 

Since relatively large quantities of air but small increases 
in pressure have to be dealt with, up-to-date axial-flow turbocom- 
pressors of the multistage type are particularly suitable for such 
duty. The high speeds needed for this type of compressor lie 
within limits which offer good constructional conditions also for 
the driving turbine. As a result of these high speeds the com- 
pressor set is of small dimensions even when dealing with the 
largest volumes. It has been possible to raise the efficiency of 
the bladings above the values attainable with radial compressors. 
This is again the outcome of systematic research in this particular 
field, Fig. 15. 

As turbine and compressor always and at all loads work at the 
same operating point, high-quality blading need only be de- 
veloped for this one point without compromises. For these 
conditions the course of the pressure-volume characteristic for 
part loads need not be considered. For the same reasons, 
for instance, in the case of small outputs of other gases, radial 
compressors can also be adopted thus leading to fewer stages. 

Figs. 16 and 17 illustrate typical blading for AK-turbines and 
AK-compressors having stage efficiencies of more than 90 per 
cent. As a consequence of the raised pressure the Reynolds 
numbers of the machine bladings are of a considerably higher 


Fig. 16 RuNNER WHEEL or HP-Tursine 12,000-Kw Ser 
(Diameter 32 in. approximately.) 
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order, so that the percentage of friction losses becomes smaller. 
This holds good only for smooth and clean surfaces. Tests in 
our laboratories on a full-sized axial compressor inhaling ambient 
air, containing only usual workshop impurities, have proved 
that the blade efficiency dropped from 86 to 83 per cent during 12 
hours continuous operation. 

The rotating shafts of the machines are sealed from the am- 
bient air by means of labyrinth glands or a combined system 
of labyrinth glands with liquid sealing, depending upon the size of 
the plant and the kind of gas employed. Good sealing is neces- 
sary in consideration of the losses, especially at smaller outputs 
or when employing special gases. 

The glands illustrated in Fig. 18 have proved their merits in 
the case of the experimental plant. Sealing air extracted from the 
circuit is passed through a pipe to the labyrinth chambers. 
The pressure of this sealing air is at all loads always somewhat 
higher than the pressure inside the glands, corresponding to the 
point where it is bled from the circuit. In this way it becomes 
impossible for hot air to escape. From the point where sealing 
air is introduced another part branches off toward the exterior 
of the gland and flows into a collecting space which is connected 
to a point in the circuit where a somewhat lower pressure pre- 
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vails. Outside these air-sealed labyrinth glands there is a ring 
through which oil under pressure is supplied to the shaft. This 
pressure oil prevents the escape of any air from the circuit. On 
either side of the pressure oil ring means are provided for leading 
the oil to a reservoir, which is under a suitable pressure above 
atmospheric, since it is connected to the interior of the circuit. 
The oil-sealing ring can also be combined with the bearing itself. 
By suitable connections of the sealing air pipes to the circuit it 
is possible to insure that at all loads, i.e., at all pressure levels, 
the sealing pressures will likewise rise and fall automatically, and 
that the direction of the current will remain the same; this with- 
out regulating valves of any kind having to be interconnected. 

In practice the foregoing is very important for insuring the 
safety of the plant. The measures described have proved fully 
satisfactory in trial operation under the most exacting conditions. 
The sealing air, introduced to the end sections of the hot turbine 
shafts, is simultaneously utilized in an advantageous manner for 
cooling these parts, so that the bearing sections remain quite 
cold, 

Hot-Air Piping. In order to reduce in so far as possible the 
quantity of metal capable of withstanding high temperatures, 
the hot-air piping has been made with double walls according 
to the same principle as for the turbines, Fig. 19. The design 
comprises a thin-walled internal tube of a heat-resisting material 
serving only for conducting the stream of gas. By means of 
openings this tube is relieved from the pressure in the heat-in- 
sulating space which surrounds it. The heat-insulating space in 
its turn is enclosed by a thicker-walled pipe of standard material 
which can easily take up the pressure of the working medium, 
since it is protected by the insulating material and therefore it 
is not under high temperature. The necessary measures are, of 
course, taken to prevent insulating material from gaining access 
to the tube. With this design much high-quality and expensive 
steel can be saved. 

Air Heater. In the aerodynamic circuit the air heater plays a 
similar part to that of the steam boiler in a steam-turbine plant. 
The heat of the fuel is imparted indirectly to the working medium 
by heat-transmission surfaces, the combustion gases being kept 
away entirely from the machines. 

Since no feedwater is employed, the air heater can, in principle 
and in contradistinction to a steam boiler, be installed in the open 
air without any building, all danger of freezing being nonexistent. 

The design of the air heater is dependent upon the fuel that 
has to be dealt with. Coal-fired air heaters resemble in their de- 


sign up-to-date steam boilers, as may be seen from the examples, 
Fig. 20 and Fig. 21. According to the present stage of develop- 
ment, the space requirements of coal-fired air heaters are not 
greater than those of up-to-date high-pressure boilers. 

Fig. 20 shows a section through a coal-fired air heater with 
granulating chamber. This project for a 12,000-kw plant is 
conservative as regards the combustion chamber, as well as the 
stresses and temperatures for the tube walls, since care in this 
connection appears necessary for the first installation. It may, 
however, be definitely expected that subsequent developments 
will lead to the heating surfaces and the dimensions being con- 
siderably reduced. The inlet temperature of the tube nest in 
the convection section amounts to only about 1850 F. By re- 
turning the flue gases in the combustion chamber, its tempera- 
ture is regulated and reduced. The tubes have diameters of ap- 
proximately 1!/, to */, in. and have wall thicknesses of 0.15 to 0.1 
in. 

Fig. 21 shows a project for a plant of the same output with 
liquid-ash extraction and increased temperature in the combus- 
tion chamber for utilizing the radiation. The walls of the com- 
bustion chamber are lined with short tubes of small diameter. 
The air passes through them at high velocities so that the wall 
temperatures nevertheless remain sufficiently low, to permit of 
their being subjected to the radiation without further protection. 
In view of the fact that the waste gases from the air heater have 
relatively high temperatures as a result of the highly preheated 
circuit air, their waste heat is employed for preheating the com- 
bustion air. The use of preheated combustion air leads to an 
increase in the furnace temperature, particularly in cases where 
pulverized coal is used. For example, in plants burning pul- 
verized coal such preheating of the secondary air is desirable 
since it permits a reduction in the size of the combustion chamber. 

It is not purposed to deal further herein with the details of 
coal-fired air heaters, since our studies and investigations in this 
connection have not been completed in all respects. Experi- 
mental equipment for air heaters with pulverized-coal firing is 
being subjected to experimental work in Zurich. The behavior 
of ash and slag on hot tubes is being particularly studied. The 
results so far obtained justify the opinion that pulverized-coal 
firing will not present any fundamental difficulties for the AK- 
air heater. 


Oil- or gas-fired heaters can be made more compact. In the 


case of the latter the possibility exists, especially where space is 
restricted as in marine installations, of supercharging the com- 
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bustion chamber by which means the dimensions and weights 
can again be considerably reduced (down to one half the surface) 
compared to ordinary firing. 

Fig. 22 shows an example of an oil-fired air heater for a 6000- 
kw plant with 600 psia and double heating. The tubes are 
arranged around a supercharged combustion chamber. The 
tube walls for heating the air in the first stage and in the second 
stage, 600 psia and 200 psia, respectively, are united in a common 
heater. In the case of this project the combustion chamber is 
lined with refractory material, and the heat is given up to the 
tubes mainly by convection. By raising the pressure of 
the combustion gas to about 45 to 70 psia, and with velocities of 
combustion gases from 100 to 160 fps, and air velocities inside the 
tubes from 65 to 130 fps, the heating surface can be kept small. 
For such projects it amounts to only 0.5 sq ft per kw net output 
of the plant. 

The total weight of iron in such an air heater is less than 9 lb 
per kw. Of this figure the proportion of alloy steel is about 50 
per cent. The tubes, which may expand in operation by about 
21/2 in., can move freely in the upward direction. In order to 
keep the hot-air piping as short as possible the heated air for 
the high-pressure turbine and low-pressure turbine is discharged 
below. The shell of the heater is of ordinary steel and made 
airtight. It can be dismantled in a number of sections so that 
the tubes are easily accessible from the side and can be removed 
without difficulty. The shell serves at the same time as a support 
for the tubes. 

Since the waste gases are still of high temperature (approxi- 
mately 1000 F), they are expanded in an exhaust turbine and 
simultaneously cooled. The exhaust turbine drives the com- 


pressor for the combustion air. In this way a preheater for the 
combustion air can be entirely eliminated. The supercharging 
set need not be particularly efficient because most of the losses 
are recovered in the firing. As there is no regenerator there is 
little danger of detrimental soiling. The design of an air heater 
employing blast-furnace gas or natural gas is, for the greater part, 
the same as for oil-firing. The heating surfaces are likewise 
quite similar. 

The design of the air heater according to Fig. 22 corresponds 
in principle to the one which has proved its merits in the experi- 
mental plant from the beginning, only with the difference that in 
the latter case firing under pressure was not adopted, for the sake 
of simplicity. 

The working medium which has passed through the heat ex- 
changer is supplied to the air heater always in a highly preheated 
state (600 to 750 F). However, the supply of heat does not 
bring about any change in condition (evaporation) as is the case 
in the steam boiler. Evaporating elements, large collectors, and 
the drums of steam boilers can therefore be dispensed with. 
Since the air is under pressure, the employment of tubes as heat- 
ing elements is found to be the most satisfactory means. Accord- 
ing to the fuel adopted and the temperature in the furnace, the 
heating surface is subdivided into a radiation section and a con- 
vection section. 

In view of the fact that a gaseous medium has to be heated by 
means of combustion gas, higher tube-wall temperatures have 
at first to be considered than in the case of steam, where, as a re- 
sult of the high heat-transmission coefficients on the water and 
steam side, the tube-wall temperatures are not much higher than 
the steam temperatures. The working pressures at which the 
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closed cycle operates have the same effect. The heat-trans- 
mission coefficient in the interior of the tubes can be so great that 
the tube-wall temperature is displaced to a considerable extent 
toward the cold side and comes within ranges to which alloyed 
steels nowadays obtainable on the market can be subjected with- 
out hesitation. The maxi mum temperature of the hottest tube 
wall can be foreed down to 70 to 100 deg F of the final tempera- 
ture of the air. The heat-transmission coefficient for the in- 
terior of the tube is 


a = c (w- p) 


where 
c = constant factor 
w = velocity 
p = pressure 


and accordingly proportional to the product w - p. 

Thus for the same velocities the heat-transmission coefficient, 
compared to conditions at atmospheric pressure, increases many 
times, for example, at 400 psi to 12 times, at 850 psi to 22 times. 
For practical cases heat-transmissiore coefficients of 100 to 200 
Btu per sq ft per deg F per hr for the interior of the tubes can be 
reckoned with. Fig. 23 shows, by way of example, how for the 


same-percentage pressure drop « = A p/p per unit length, 
the tube-wall temperatures automatically fall as a consequence of 
increased pressure in the interior without velocity increase, so 
that the air-heater tubes can be subjected to the duty in the com- 
bustion chamber without special cooling measures being neces- 
sary. 

A simple means for compensating for excessive combustion- 
chamber temperatures is a return circuit of the flue gases to the 
combustion chamber, whereby practically any desired tempera- 
ture can be adhered to. This has been effected also in the oil- 
fired air heater of the test unit of 2000 kw. 

It is often assumed that a very high velocity and a consider- 
able detrimental pressure drop are necessary in the heater tubes 
for carrying away the quantity of heat. However, as a conse- 
quence of the pressure action and with suitable layouts this is by 
no means the case. For the air heater of a 400-psi plant the 
pressure drop is only about 10 to 15 psia; at 850 psi for two- 
stage heaters it totals 20 to 30 psi. 

If the flow velocities in the interior of the tubes could be in- 
creased at will, any desired reduction of the tube-wall temperature 
down to the temperature of the air current inside the tubes could 
theoretically be envisaged. But this can be attained only with a 
loss of over-all efficiency. 
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An increase in the velocity involves the need for minimum pres- 
sure losses. Thus the velocity in the various heater sections will 
be increased only to such an extent as is necessary for attaining 
the admissible tube-wall temperature. This knowledge leads 
to the adoption of tubes having different diameters which are 
suited to the various ranges of temperature. 

Careful calculations of all these problems have led to a series 
of fundamental circulation layouts for the working medium to be 
heated and for heating combustion gases. The wall tempera- 
ture can be further reduced by suitable layouts employing coun- 
tercurrents, parallel currents and transverse currents in the var- 
ious heater sections. 

Fig. 20 illustrates one of the many solutions that can be adopted 
in this connection. The countercurrent to be heated is sub- 
divided at the inlet into two parallel currents, one of which, 
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mainly subjected to radiation, flows as a direct current and the 
other, the temperature of which is raised by contact with heated 
parts, flows as a countercurrent to the flue gases. This brings 
about a reduction of temperature in the hottest sections. At the 
same time the subdivision into two or more parallel currents per- 
mits a considerable reduction in the total pressure losses. The 
two partial currents pass into a common final heater and col- 
lector pipe. 

If it is desired to avoid excessively high temperatures in the 
radiation section, the pipes can be arranged in such a manner that 
final heating takes place in the section heated by contact, where 
the tubes are protected from the effects of radiation. 

Only a part of the air heater must be made of special high- 
quality materials. In this connection the fact should not be 
lost sight of that for the working pressures concerned the wall 
stresses are astonishingly small (2500 to 4000 psi), even with 
thin tubes. Those figures still lie far below the creep limits of 
good alloy steels for the corresponding temperature ranges. 

Heat Exchanger (Recuperator). Unless a heat exchanger is 
employed it is hardly possible to increase the thermal efficiency 
of any kind of gas turbine plant above about 20 per cent. The 
quantity of heat that has to be given up by the current of gas is- 
suing from the turbine to the current of gas after the compressor 
at full regeneration is of the same magnitude as the quantity of 
heat which in the air heater is introduced from an external source. 

The heat-transmission coefficients on both sides of the heat- 
exchanger surfaces are raised considerably in the case of the 
supercharged closed cycle. In combination with the small 
specific volume this offers possibilities of reducing considerably 
both dimensions and weights. A further point is that one can 
in principle adopt very small cross sections for the tubes, or 
other fine exchanger elements, because any danger of soiling is 
entirely eliminated. 

The conditions for constructing a good heat exchanger of small 
dimensions are doubtless more favorable for a closed circuit than 
for gas turbines with which the flue gases pass through the heat 
exchangers. Apart from the high blading efficiency of the ma- 
chines, the easy realization of a very high heat exchange is one 
of the chief reasons for the high over-all efficiency of closed-cir- 
cuit installations, even when employing moderate temperatures. 

In practice heat-transfer coefficients of 30 to 50 Btu per sq ft 
per deg F per hr, depending on the admissible pressure loss, may 
be taken as a basis. These figures are multiples of the heat- 
transfer coefficient characteristic of the heat exchangers for com- 
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bustion-gas turbines. For economical reasons one is compelled 
not to go too far with the recuperation in the case of the last- 
mentioned plants, since space and weight for the construction 
would become too great. According to available figures, such 
new two-stage installations require about 3 times or more heat- 
ing surface. With the closed cycle we find surfaces of 1.5 to 3 
sq ft per kw sufficient, depending upon the pressure, and further- 
more for an over-all efficiency of the plant exceeding 33 per cent; 
the degree of recuperation being about 90 per cent. It is possible to 
bring the weight of the heating surfaces down to even less than 2 
Ib per kw. The following illustrations likewise indicate 
clearly that the heat exchangers of closed-circuit installations are 
relatively small. 

In principle, any kind of heat-exchanging surface (flat or 
tubular), and any means for conducting the current can be 
adopted. However, since the plant operates under pressure, the 
use of simple steel tubes which can be manufactured at relatively 
low cost represents the given means for effecting this transmis- 
sion. 

Fig. 24 illustrates the design of a tubular exchanger operating 
according to the countercurrent principle and transmitting a 


maximum amount of h:at with a minimum loss of pressure. 
The high-pressure air flows through the interior of the tubes and 
the external shell has to withstand only the lower back pressure. 
The apparatus can be arranged as desired, according to the avail- 
able space or subdivided into two or more parts. The use of 
normal tubes of small diameter permits standardization of all 
heat-exchanger elements for the various outputs and thus to a 
large degree manufacture in series. 

We employ tubes of only 0.15 to 0.25 in. diam. They are sepa- 
rated by special spacers which offer little resistance to the current 
of air. A large number of these thin tubes is assembled in a 
tube nest. In their turn the latter are connected by a small num- 
ber of collector pipes. Separate removal of each tube nest is 
easily possible. In the case of stationary plants this can be ef- 
fected, for example, by drawing the various tube sections out of 
the heat exchanger in an axial direction. For marine installa- 
tions the shell of the heat exchanger is split and can be easily 
lifted, thus giving access to the tube nests from above. The 
tightness of each nest can be checked separately. However, 
since a perfectly clean medium flows on either side of the tube 
walls, there is no reason to fear interruptions in the operation. 
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Furthermore, the highest temperature in the heat exchanger 
amounts only to about 850 F, so that it is unnecessary to employ 
special-quality metals for the tubes. Fig. 25 shows a view in the 
part of the apparatus where the spacers are arranged; as may 
be noted, the external bright part where the low-pressure air 
flows is hardly obstructed by these distance pieces. 

The temperature of the low-pressure air on issuing from the 
heat exchanger is about 200 to 250 F, after which it passes to a 
precooler, through which water circulates, for cooling in so far as 
possible down to the inlet temperature of the compressor, 
the object being to reduce the compression work. Since, as a 
result of the raised pressure the heat-transmission coefficients 
on the air side are also favorable in the precooler and in the inter- 
mediate coolers of the compressor, the surfaces and dimensions 
of these units are not large, in contradistinction to water- 
cooled air coolers when operating with small working pressures. 
Incidentally, the precoolers and intermediate coolers are of 
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Fic. 25 View or Space ARRANGEMENT IN REGENERATOR 


standard ribbed-tube design with water circulation through the 
tubes. 

In many cases it is advantageous to combine the low-pressure 
turbine arranged in the circuit before the heat exchanger in the 
manner illustrated in Fig. 26. In this way additional pressure 
losses are avoided and the stream of air passes directly to the 
tube nests. As may be seen in Fig. 26, the heat exchanger, 
whether arranged in this or some similar manner, is an excep- 
tionally simple apparatus that operates very reliably. 

Governing. For raising the output, air is introduced to the 
circuit from a high-pressure accumulator of cold air, while for 
reducing the output, air is withdrawn from the circuit and passed 
to a low-pressure accumulator. Automatic governing for an 
installation with rigid couplings between the machines takes 
place fundamentally as follows: When load is thrown off the 
consequent rise in speed influences the centrifugal governor 
(pendulum) which causes the discharge side of the combined 
inlet-outlet valve to open, Fig. 27, so that air from the high- 
pressure branch of the circuit issues into the low-pressure ac- 
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cumulator LP. On the other hand, when load is thrown on 
the plant the resulting drop in speed causes the inlet side of the 
valve to open, as a consequence of which air from the high-pres- 
sure accumulator HP is admitted to the circuit at the same point. 

For small reductions in load, and consequently only slight in- 
creases in speed, the main valve operates only within a small 
range without opening either the inlet or outlet. On the other 
hand, the by-pass valve opens and by-passes air from the high- 
pressure side of the circuit to the low-pressure side without de- 
veloping output, so that the useful output of the plant is reduced. 
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(Combination of inlet and outlet valve with by-pass valve.) 


By regulating small and frequently recurring load fluctuations 
with the by-pass valve the air consumption from accumulator 
HP, for purposes of regulation, is reduced and charging work thus 
saved. 

Regulation by supplying or withdrawing working medium to 
or from the high-pressure side of the circuit has the advantage of 
immediate efficacy, since the pressure ratio py : pz is immediately 
raised on air being admitted, thus causing the plant to give up 
additional output. Inversely, when air is withdrawn from the 
high-pressure side, the pressure ratio immediately drops, so that 
for example, when suddenly withdrawing less than 20 per cent of 
the air content of the circuit, it has dropped to such an extent 
that the transition from full load to no load has already taken 
place. On the other hand this “momentary effect’”’ would be un- 
suitable for the supply or withdrawal of working medium on the 
low-pressure side. 

When admitting or withdrawing air on the high-pressure side 
of the circuit the consumption of air for such regulating purposes 
is, in the case of quickly recurring small periodical load fluctua- 
tions, no longer proportional to the number of actual load fluc- 
tuations and instead increases relatively less, since insufficient 
time remains between the separate fluctuations for re-establishing 
the stationary pressure ratio, and the control consequently takes 
place chiefly under the influence.of the ‘momentary effect,” 
Fig. 28. 
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The influence of the momentary effect on the governing, 
which for known machine characteristics can also be calculated 
theoretically, has been checked by experiments. The pressure 
course, Fig. 29, plotted for a load-reducing action, shows that 
during the first moment the equilibrium in output is brought 
about by reducing the pressure ratio pq : p,; and that the pres- 
sure level only gradually drops to the final condition. 

The regulation of the furnace, not indicated on the schematic 
drawing, Fig. 27, need not take place very quickly, thanks to the 
accumulation of heat in the heaters and apparatus. Changes 
in the power output of the turbine due to smaller deviations of the 
final heating temperature of the working air from its stationary 
value are compensated by automatic and temporary raising or 
lowering of the pressure level by a small amount. 
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‘‘MomENTARY EFrrect”’ 


The method of regulation herein described has the advantage 
that the regulating means can be accommodated in a block out- 
side the circuit proper, Fig. 30, that they are traversed only by 
cold air, and that under normal working conditions the air of the 
circuit does not pass through them, so that no additional throt- 
tling losses result. 


For installations in which the turbine developing useful out- 
put is separated mechanically from the compressor set, which is 
particularly the case where useful output has to-be given up at 
different speeds (for example, compressor drive, ship propulsion), 
the compressor set operates in the normal operating condition, 
thus remaining stable and without any special regulation. When 
the equilibrium is disturbed, i.e., during the supply and with- 
drawal of working medium for changing the useful output, de- 
viations from a given speed range, either above or below, for the 
free-running compressor set, are prevented by partly by-passing 
the turbine developing useful output or the compressor-driving 
turbine by a special valve actuated from a speed-limiting gover- 
nor of the compressor set, Fig. 31. 
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The test plant has worked for long periods entirely separated 
from the municipal network and supplying the whole works of 
Escher Wyss. On these occasions the regulating governing, 
already in its simplest form, proved to be very satisfactory. 


Prosects FOR Power STaTIONS AND MARINE PLANTS 


The disposition of the various machines and apparatus of an 
AK-plant within the available space does not involve special re- 
quirements. Air is not subject to the force of gravity like steam 
condensate, so that differences in level, such as are required for 
insuring passage of the condensate and feedwater, need not be 
provided for. Thus attention can be paid to a combination of 
the machines and apparatus in a small closed set with short 
connecting pipes in order to reduce losses of pressure and tem- 
perature to a minimum, of the utmost importance in such plants. 
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Fic. 31 Scuematic DiaAGRAM OF REGULATING FoR Two- 
MacuINeE SET 
(Marine installations, for example.) 


The limited number of auxiliary machines and other acces- 
sories greatly simplifies the operation of the plant, whereas in 
the case of high-pressure steam power stations for high thermal 
efficiencies, these auxiliaries have become rather cumbersome. 
The chief factors which bring about a considerable improvement, 
compared to a steam plant, are the elimination of feedwater, the 
necessary pumps and apparatus for its preparation, the small 
cooling-water consumption which amounts to only a fraction 
(1/, to 1/) of that required in steam installations, the elimina- 
tion of the condensing process with its condensate pumps and 
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air pumps, and the absence of all fittings for very high pressures. 

Closed-cycle installations may be operated entirely without 
water, in that intermediate cooling of the air in the compressor 
can be effected by employing ambient air as cooling means in 
place of water. For the large available temferature drops of the 
intermediate cooling, this arrangement with which cooling water 
is entirely eliminated, can be realized in an economical manner 
in contradistinction to steam plants where the condensing proc- 
ess at constant low temperature makes it necessary to endeavor 
to attain minimum temperature differences when giving up waste 
heat to the ambient air. 

If one takes into account: 

1 The relatively small expense involved for special materials 
capable of withstanding the high temperatures (as a consequence 
of the small dimensions resulting from supercharged operation); 

2 The simple layout of the plant (absence of extensive founda- 
tions) ; 

3 The reduced number of accessories; 
then it is evident that in spite of the higher thermal efficiency, 
compared with those of steam plants of the same output, the 
total costs of the two installations will not greatly differ from one 
another. 

Fig. 31 illustrates, by way of example, a number of AK-in- 
stallations such as are ready for construction. They are all 
characterized by high efficiencies, well above 30 per cent. These 
installations employ pure air as working medium. Fig. 32 illus- 
trates a 12,000-kw plant with pulverized-coal firing for industrial 
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Fic. 33. 12,000-Kw AK-Ser OIL- 
purposes. The air heater is installed in the open next to the 
powerhouse, thus considerably reducing the cost of the building. 
This is a plant with single-stage expansion. The working pres- 
sure at full load amounts to 400 F at the turbine inlet, the maxi- 
mum temperature to 1200 F, and the back pressure to 115 psia. 
The machines are arranged all in one row. The high-pressure 
turbine drives the compressor serving the circuit while the low- 
pressure turbine drives the generator. The heat exchanger is 
installed underneath the machine set but can of course also be 
arranged elsewhere, for example, in the open, depending upon the 
available space. The weight of the circulating air is about 250 
lb per see, All the chief auxiliary drives that are required may 
be seen in the illustration. Their small number in comparison 
to the auxiliaries of up-to-date steam power plants is character- 
istic. The over-all thermal efficiency of such an installation 
amounts to at least 32 to 33 per cent at full load, still attaining 
31 per cent at half load and 28 per cent at quarter load. Nat- 
urally these figures vary somewhat according to the quality of 
the coal. 

Fig. 33 illustrates a project for a plant of the same output but 
arranged for oil- or gas-firing and double heating, the initial pres- 
sure being 850 psi and the back pressure 85 psi. The machine 
plant is subdivided into two independent sets. The high-pres- 
sure turbine 1 is fed from the first air heater 8 and drives a part 
of the compressor rotors. This compressor set is arranged above 
the heat exchanger 7. The low-pressure turbine 2 drives the 
generator 4 and the low-pressure part of the compressor 3. 
The low-pressure turbine and heat exchanger are built together, 
Fig. 26. The low-pressure turbine receives the reheated air at 
& pressure of 300 psi from the second air heater 9. 

In these stationary installations where the space requirement 
1s not of decisive importance, ordinary furnace-chamber pres- 
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oR GAS-FIRING, AND INTERMEDIATE HEATING 


sures can be adopted for oil- and gas-fired air heaters. This 
means that the required heating surface becomes larger than for 
firing under pressure, but on the other hand the charging set is 
eliminated. In place of the latter an air preheater for the com- 
bustion air is adopted. In this case the air preheaters are built 
as tubular units. The air heaters are arranged immediately 
next to the machine set proper which leads to favorably short 
interconnecting pipe work. The fact that no excavation is re- 
quired for the set and that it rests on a light foundation frame- 
work is worthy of note. All parts are easily accessible. 

The starting motor 6 has an output of approximately 300 to 400 
kw. On the basis of the present state of development, a thermal 
efficiency, including auxiliaries of 34 to 37 per cent, is attainable 
at full load and 30 to 33 per cent at one-fifth load. The efficiency 
is, of course, dependent upon the size of the heat-exchanger and 
air-heater surfaces as well as upon the cooling-water temperature. 
For an inlet temperature of 60 F and 160 F exit approximately 
40 gal per sec are required. A steam plant of the same output 
needs about 5 times more. The circulating-air weight is approx- ~ 
imately 150 lb per sec. 

Fig. 34 illustrates the machine designed for a plant of 25,000 
kw output. It remains the same for oil-, gas-, or pulverized-coal 
firing. Details of the corresponding machines are illustrated in 
Figs. 12, 13, and 14. The machinery plant can of course ve 
arranged in two sets parallel to one another instead of in a single 
row, if the available space makes this preferable. When com- 
paring with Fig. 33 it is apparent that the larger output calls for 
hardly any additional length, since it is primarily the diameter of 
the machines and auxiliaries which is increased. 

An arrangement of the sets in parallel is preferable for marine 
installations. Fig. 35 shows a marine plant with oil firing for 
8000 shp. This plant can be used for turboelectric drive or 
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for propulsion in conjunction with a variable-pitch propeller. It 
operates with 600 psi, 1200 F at the turbine inlet, with double 
heating and supercharged firing of the air heater. The combus- 
tion circuit is entirely separate from the working circuit proper, so 
that they do not influence one another during regulating actions. 
The reduced strain for the tubes in the case of supercharged firing 
permits of the wall thicknesses being reduced. The back pressure 
amounts to 60 psi. The air heater is arranged in front of the 
machine set. The heat exchanger lies amidships. On the one 
side is the compressor set for the circuit. It is driven by the high- 
pressure turbine. On the same side is the charging set for the 
combustion chamber which receives its drive from an exhaust 
turbine. The low-pressure turbine is the prime mover proper. 

With this arrangement all parts are easily accessible and can 
be dismantled without difficulty since they all lie in the same 
plane. When the propeller speed is changed under varying 
loads, only the speed of the low-pressure turbine is correspond- 
ingly altered. The independent regulation of the two machine 
sets takes place according to the schematic drawing, Fig. 31. 

The thermal efficiency of such a marine plant including aux- 
iliaries amounts, at full load and 1200 to 1300 F, to about 32 to 34 
per cent, and still attains at one-fifth load an efficiency of 27 to 
30 percent. The weight of the installation in relation to output is 
approximately 40 lb per shp. The weights, space requirements, 
and efficiencies are primarily dependent upon the surfaces that 
have to be adopted for the heat exchangers. The space require- 
ments of a plant, according to Fig. 35, are approximately 2.4 cu ft 
per hp. * 

In accordance with present progress in metallurgy it is in- 
tended to operate AK-plants at temperatures of 1200 to 1300 F. 
Every future increase that can be made in the temperatures 
will, for each 10 deg F, lead to a saving in fuel of 0.75 per cent, 
i.e., for 40 deg F increase in temperature an improvement in the 
over-all thermal efficiency of about 1 per cent may be expected. 

When making a comparison with open-cycle gas turbines, the 
pipes passing through the deck which are necessary for supplying 
the combustion air and for discharging the combustion gases 
should be borne in mind. Whereas a closed-cycle turbine re- 
quires practically the same quantity of fresh air and discharges 
about the same volumes of waste gas through the funnels as in 
the case of Diesel engines or steam plants, these volumes are many 
times greater for an open-cycle combustion-gas turbine because 
of the large surplus air volume of its working cycle for the pur- 
pose of reducing the temperature. Needless to say, tie closed- 
cycle turbine is very suitable for turboelectric drive. 

One cannot discuss new gas-turbine developments for marine 
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propulsion without mentioning the future development of the 
propelling means. 

The most suitable solution for reverse operation which, at the 
same time gives ideal operating conditions for the whole plant, is 
the adoption of variable-pitch propellers, thus obviating the 
necessity of installing a separate turbine for propelling the vessel 
astern. From wide experience in the building of Kaplan-type 
water turbines, in 1934 we developed such a new marine pro- 
peller based upon the same principles. No failures or defects 
have been reported from the 35 marine propellers already de- 
livered. 


OTHER FIELDS OF APPLICATION 


Remote Heating. In contrast to the condensing plant of steam 
turbines, where heating of the cooling water may amount to only 
a few degrees owing to the necessity of maintaining a good 
vacuum, the required elimination of heat from a closed circuit 
during the compression can involve a considerable increase in the 
temperature of the cooling water without any drawbacks result- 
ing. In this way the quantity of cooling water is reduced from 10to 
20 per cent compared to steam plants. Furthermore, heating of 
the cooling water can be raised from 160 to 180 F, without altera- 
tion of the temperatures within the circuit. Thus the waste heat 
is given up at high temperature and can be utilized for heating 
purposes. It is particularly worthy of note that the entire quan- 
tity of waste heat can be made use of for heating purposes, with- 
out any modifications having to be made, as compared to opera- 
tion without utilization of the waste heat. The final temperature 
of the cooling water can be raised to any desired level, for in- 
stance, by restricting the recuperation. 

AK-Plant in Connection With Blast Furnace. In blast furnaces, 
coke ovens, oil fields, and refineries as well as in various branches 
of the chemical industry, large quantities of waste gas result 
from the processes employed. 

Utilization of such surplus gases in open-cycle combustion 
turbines calls for compression of the gases to a pressure amounting 
to a few atmospheres, so that they can be burned in the combus- 
tion chamber which is under pressure. For this purpose the 
gases must be precooled and in the majority of cases also cleaned, 
i.e., all processes which involve considerable additional apparatus. 
In the case of a closed-cycle turbine the hot gases can be utilized 
just as they are, without preparation and compression of the fuel 
for the air heater, i.e., a possibility which increases the thermal 
over-all efficiency. 

A closed-cycle turbine operated with blast-furnace gas can also 
be employed for direct drive of blast-furnace blowers. The 
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arrangement of the turbine stages in conjunction with the com- 
pressor required for the circuit and the blast-furnace blowers, 
Which must operate under widely differing speeds and loads, can 
be effected on similar lines to those already described in the pre- 
ceding section concerning marine turbines. In this case also, 
the provision of two sets operating independently of one 
another may prove advantageous, since in this way a possibility 
is offered of attaining favorable thermal efficiencies over a large 
operating range, with regulation of the circuit density at different 
loads. 

Another point to which brief reference may be made herein is 
that favorable combinations of blast furnaces, blast heaters, and 
air heaters for the power process can be realized for AK-plants. 


Particulars concerning such projects are to be found in a previous 
article (5). 

Gas Generator and Fuel Producer. When coal is employed as 
fuel it may, according to its nature and quality, prove convenient 
to adopt gas generators in place of furnaces for producing the 
combustion gases for the air heater. In this connection, cleaning, 
cooling down, or compression are not necessary, such as are called 
for when an open cycle is adopted. The produced gas can be 
directly fired in an air heater. 


REMARKS CONCERNING Uss or Licut GasEs In CLosep Circuits 


The following remarks concerning the advantages of employing 
other gases are the result of theoretical studies that have been 


| | ( lait V4 HEAT-EXCHANGER @) 12 


810 


carried out by Professor Ackeret. He has compiled his calcula- 
tions in the following form especially for the purposes of this 
paper: 

For congruent entropy diagrams the efficiency of the closed- 
circuit process is independent of the nature of the gas. When 
assuming congruency, it is taken for granted that the relative 


AT A 
pressure losses Tr and temperature losses 8 are the same on all 
Pp 


heat-transmission surfaces. However, in spite of this, the 
adoption of other gases can prove advantageous because the out- 
put of the plant can be considerably increased at the same 
efficiency and with only slightly changed dimensions. To prove 
this more decisively let us assume that gases of the same atomic 
number, for example, only biatomic or only monoatomic gases be 
employed, the molecular weight m of which can be continually 
changed. For example, by a mixture of helium and argon, m 
could be continually increased from 4 to 40. For gases of the 
same atomic number the magnitudes 
k =C,/C,ando = 

are as is known independent from m. 

We may observe the heat transmission at a given point of a 
tube having the diameter D which is traversed at said point by 
gases with velocity u, density p, pressure p, temperature 7’ and 
viscosity 7. Between the wall and the gas a difference in tem- 
perature AT = @ shall prevail. The following equation then 
applies for the shear stress 


r= 


and for the heat transmission per unit of surface according to 
Reynolds and Prandtl 


in which for Reynolds numbers of medium size R = a the 


following may according to Blasius be inserted 


0.0791 


The expression 


1.74 
P=1+ Rv (¢ — 1) 
is in small measure dependent only on R and is about 1. Ac- 
cording to Eucken, o is connected with k and may be expressed 
with considerable accuracy by 


4k 
gk —5 


For a short tube section the following can immediately be 
ascertained 


dz 
dp = — AC, 


Congruence of the entropy diagrams, i.e., the same efficiencies, 
d aT 
is realized when = and T are of equal magnitude for the different 


gases. Hereby, however, dz must be somewhat changed. In 
order to utilize the materia! equally well in all cases, let us further 
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assume that at full load the pressures are also equally large. For 
gases the following equation generally applies 
R 
m gRT gRT 
and in addition for gases of the same atomic number 


m 


C, = 


dp. 
Thus if we require for the same a it follows that 
p 


dp p dx dx 
— =—2C,- ut — = — 2C, — — = — 2C,kM? 
D gRT D D 


in which M is the Mach number = M = “~ (a = velocity of 
a 


aT 
sound). Thesame Tr leads to 
dT 2cy dx t 
7 PT’ = cons 


in other words, ~— or, since we can look upon P as being prac- 
P 


tically constant, c+ dx = const for all m; but from the foregoing 
it follows that M = const. 


Thus we have as a condition - = const. But the velocity of 
a 


sound 


a=WVgkRT = yo 
m 


Consequently the flow velocity must increase with \: if the 
m 


same conditions of pressure and temperature are to be obtained. 


For the element of length the following is obtained 


D 2, kM? 
dz. 
D is thus porportional to 
1 n 
0.0791 


de 
D ” 


For the same temperatures the viscosity of gases having the same 
atomic number, with the one exception of hydrogen, differs only 
slightly (for the He-A mixture the viscosity varies between m = 4 
and m = 40 only by about 10 per cent). Thus one can insert 


dx 
with sufficient accuracy D proportional to Wp - u 
From the foregoing we have 
dx 1 
D \" va 


ie., only a rather small variation in the sense that for lighter 
gases the tubes become somewhat shorter. One sees immediately 
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where the advantage of light gases is to be found. The useful 
output of the machine is, namely, for the same tube diameter, 
proportional to puc,. It is also proportional to 


1 1 
m Vm 

Thus for lighter gases it will be considerably greater. Let us 
compare, for example, two gases, the molecular weights of which 
are as 1:9, then the velocity of flow adopted for the lighter gas 
must be 3 times greater; the output for the same efficiency be- 
comes 3 times greater ond the tube lengths for the heat exchanger 
are reduced by about 25 per cent. The weight of the charge of 
gas in the machine will increase somewhat more than m, becoming 
for this example less than !/5. 

In physics the variation in the output can also be made clear 


TABLE 2 
Gas Air He + CO: 
Mean molecular weight... 29 8 
Specific heat, Btu/(Ib) (deg F). 0.26 0.755 
Ratio of viscosity (T = const). 1 1 
Ratio of sound velocity. 1 2.1 
Adiabatic pressure ratio for tem- 
perature ratio.......... 4 2.92 

Volume, per cent COs (1.45) ae 10 
Number of stages (ratio)....... 1 2.8 
Circumferential velocity....... 1 1.75 
Diameter (ratio)............ 1 0.76 
Revolutions per min....... 1 2.30 

Heat exchanger 
Coefficient of heat transmission 1 1.86 
Number of tubes.............. 1 0.66 
Length of tubes............... 1 0.82 
Surface area of tubes (weight) . . 1 0.54 


Heater 
Coefficient of heat transmission 1 
Number of tubes........ | 
Length of tubes......... ' l 0.82 
Surface area of tubes (weight) . ; 1 


e Machines assumed for equal output, maximum pressure, temperature and triangles of velocity; 


const, T = const, p = const. 


in the following manner: According to Avogadro, the unit of 
volume for the same pressure and same temperature contains the 
same number of molecules, i.e., also just as many molecule de- 
grees of freedom. Each molecule transports the same energy. 
However, since we are delivering 3 times the volume, it follows 
that 3 times the output will also be converted. 

It is, however, known that in general light gases call for a 
larger number of stages (in the compressors and turbines). This 
is a drawback of light gases. In the case of the compressor, for 
example, the following equation obtains for the number of stages 


2 In 6 
= ~ 


natural logarithm 
in which 5 represents the adiabatic temperature ratio of the com- 
pressor, y the pressure coefficient. Thus in our case the law 
applies for the compressor (and also for the turbine) that n is pro- 
portional to a in which M = peripheral velocity /sound velocity. 
Since M ~ +/m for the same peripheral speed, the number of 
stages would follow 1/m, becoming, in the case of the example, 9 
times greater. For the turbine there is little hope of deviating 
therefrom, but this does not apply to the compressor. Since the 
peripheral velocity of the axial impellers of the compressor does 
not reach the limit of their tensile strength, the peripheral velocity 
could, without impairing the efficiency by the Mach effect, be 
increased and the number of stages thus reduced. 

As the weight of the machinery is relatively small in the case 
of a highly supercharged AK-plant, the increase in the number of 
Stages could be accepted relatively easily, especially if it proves 
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possible to employ radial impellers which can be operated up to 
the highest circumferential velocities without detrimental Mach 
effect. 

For the heater tube the same heat-transmission coefficients as 
for water tubing are possible. 

Comparative figures are given in Table 2 to facilitate under- 
standing of the conditions. The comparisons relate to various 
gases and mixtures of gas with air. 

As may be noted from the foregoing there are good prospects 
that further development work, especially in the case of installa- 
tions for special purposes, will lead to higher efficiencies and 
reductions in the size of the plant. These remarks of Professor 
Ackeret confirm the author’s opinion that the present develop- 
ment of the closed-cycle process by no means represents the 
ultimate attainable. 


COMPARISON OF DIFFERENT GASES FOR THE AK-PROCESS?2 


He + CO; He 
6 4 
0.90 1.25 3.5 
i 1 0.5 
2.4 3 3.9 
2.71 2.52 3.65 
3.5 4.8 13.5 Constant circumferen- 
tial velocity 
1.9 2.2 3.7 Constant number of 
0.73 0.68 0.52 stages 
2.6 3.3 7.1 
2.12 2.56 4.35 
0.62 0.56 0.27 (Ratio) 
0.76 0.70 0.85 
0.47 0.30 0.2 
1.7 2.0 4.0 (On one side) 
0.75 0.68 0.30 
0.79 0.74 0.85 
0.59 0.50 0.25 (Ratio) 


(e) = 
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Discussion 


J. H. ANpERsoN.‘ The author has made an excellent presenta- 
tion of an outstanding achievement in engineering. Although 
time and further development will be required to determine 
whether the AK-system is to become an economic success, the 
author and his associates deserve only the highest praise for 
the ingenuity and perseverance required to turn this development 
into an engineering accomplishment of such obvious importance. 

While this power plant could be compared to any prime mover, 
it seems most logical to compare it to a modern steam plant, 
for the simple reasons that both are externally fired and both can 
be built in large capacities. By the same logic, the open-cycle gas 
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turbine most nearly compares with the Diesel power plant in its 
application and place in the economic structure. 

It is, as the author has already pointed out, almost impossible 
to make an economic comparison between the Al-plant and a 
steam plant at the present stage of progress, but at the same time 
anyone will admit that this must be done eventually. With this 
in mind, it may be worth while to set down a few simple compari- 
sons between the two types of plant. 

Starting at the power unit, we have an air turbine in the AK- 
plant as compared with the steam turbine in the steam plant. 
Basically, the air turbine should be more efficient and cheaper 
for two reasons, i.e., there is no problem of handling liquids 
with attendant corrosion, and the volume ratio of expansion is 
far lower in the air turbine. Both of these considerations help 
to make a simpler and cheaper design possible, which should at 
least balance the problem of handling higher temperatures in the 
air turbine. 

The air cooler and intercoolers in the AK-plant correspond to 
the steam condenser in the steam plant. Here the steam con- 
denser is obviously much more expensive because more heat 
must be discharged at a much lower temperature difference. 
Also, the air-removal equipment and condensate pump are addi- 
tional accessories required over and above those needed for the 
air coolers. 

The compressor in the AK-plant corresponds to the boiler 
feed pump in the steam plant. Here the difference would appear 
to be in favor of the steam plant, although this must be sub- 
jected to thorough analysis. 

The boiler, economizer, feedwater heaters, and superheater 
in the steam plant correspond to the air heater and recuperator in 
the AK-system. This is probably the largest question mark 
in a comparison of the two systems. In the air heater we have 
conditions roughly equivalent to those in the steam superheater. 
For this reason we have a higher average temperature difference 
to work with in the boiler. On the other hand, we have a 
lower heat input in the air heater. The recuperator is undoubt- 
edly larger and more costly than the corresponding feedwater 
heaters. All in all, it is probable that the heaters in the AK- 
plant cost more than the corresponding heaters in the steam plant. 
Comments on this point by boiler manufacturers should be of 
great interest. 

In the matter of auxiliaries, there would seem to be no ques- 
tion that the AK-plant is simpler and has less of them than the 
steam plant. This would be the case simply because in one 
case we have a liquid-gas plant, and in the other we have a pure 
gas plant. 

Regardless of the present state of development, there can be no 
question but that the AK-plant is basically simpler to control 
than is the steam plant. Here again we have the simple reason 
that a gas is used throughout the system, instead of both a liquid 
and a gas. 

It is difficult to make predictions on maintenance costs. 
However, it is probably safe to say that more machinery trouble 
is encountered from corrosion, wear, and solid deposits in any 
system where both liquid and gas are present than in a system 
where gas alone is present, and this is especially true in any 
system where variable temperatures are present. The problem 
of deposits on steam-turbine blades is a serious one which can- 
not be overlooked. While it is granted that the AK-system must 
operate with some higher metal temperatures than the steam 
system, it is probable that this will not cost as much in main- 
tenance as other troubles in the steam plant. 

It is perhaps foolish to pass judgment on the basis of the 
simple comparison here given, but even such a comparison 
should be enough to show that the AK-system deserves most 
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careful consideration as an immediate competitor of the steam 
power plant. 

The author has quite properly pointed out that the shaft seals 
are a critical component of this plant. This is obvious when one 
considers that there are probably 10 seals under high pressure. 
The ingenious method of using an oil seal at the lowest pres- 
sure in the system should make the seal losses roughly equivalent 
to those of an open-gas-turbine system. It would be interesting 
to learn what percentage of the losses was ascribed to the seals, 
and what clearances had to be maintained in the labyrinth pack- 
ing to obtain this value of the losses. 

The author has mentioned that the efficiency of an axial com- 
pressor dropped from 86 to 83 per cent during only 12 hr of opera- 
tion in their shops. This does not seem to correspond fully with 
the experience of some others. For this reason it would be of 
value to have a further explanation as to how this drop in ef- 
ficiency could be accounted for. 


F. T. Hague.’ The author’s and Mr. Gygi’s® visit to this 
country is both welcome and significant, in that it promises to 
focus increased attention on the study of gas-turbine power 
plants. The presentation of the paper, disclosing test results 
on a 2000-kw closed-type-cycle gas-turbine power plant, is 
evidence that the gas turbine for primary power generation 
is rapidly developing toward maturity. 

It is becoming increasingly apparent that the complete gas- 
turbine power plant, which was a newcomer in this country 3 
years ago, is making giant strides in being reduced to practice in 
several important lines of endeavor. Military releases have 
identified it as the fighting aircraft power plant of the future. 
Commercial interests view the prototype tests of propeller-drive 
gas turbines as a further boon to commercial aviation. In the 
locomotive field, powerful, compact gas-turbine power plants are 
currently being built. A high-efficiency open-cycle type of gas- 
turbine power plant has been demonstrated within the year, giv- 
ing promise of application in fields of industrial power generation, 
and ship propulsion. The gas-turbine plant of which Escher 
Wyss has built a prototype, is the first reduction to practice of a 
design from which coal-burning central-station-type units of 
from 10 to 50,000-kw capacity may ultimately become a reality. 

The author and his colleagues deserve high commendation for 
their engineering foresight in taking steps to reduce this type of 
gas-turbine power plant to practice several years before it was 
being given serious consideration elsewhere. It is only fitting to 
acknowledge that this foresight has given these engineers several 
years’ time in which to study the theoretical and practical prob- 
lems connected with this development. Their viewpoint on its 
ultimate accomplishment may well be more realistic than those 
who have been considering it for a shorter length of time. The 
fact that 98 per cent of Switzerland’s power generation is water 
power presumably limited their combustion research with pul- 
verized coal. 

The proposed closed-cycle gas-turbine power plant is simple 
for engineers to understand who are already familiar with the 
open-cycle type of system. This closed-cycle system differs 
from open-cycle systems in one major respect; the physical size 
of the rotating and heat-exchange machinery is decreased as the 
system pressure is elevated. It is this characteristic of the closed 
cycle which makes it possible to build turbines and compressors 
for a 50,000-kw unit of smaller physical size than for a.5000-kw 
open-cycle unit. The closed-cycle type of system has its ef- 
ficiency level affected in exactly the same manner as the open 
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cycle with respect to any changes in maximum temperatures, 
compression ratio, intercooling, reheating or regeneration Like 
all good things, it is basically simple. This in no way detracts 
from the brilliance of the initial conception. 

There are metallurgical limitations in the building of any high- 
temperature gas turbine. These are definitely less serious when 
the physical size of the parts is reduced. It may not be too 
much of an estimate to say that the metallurgical problems of 
a 25,000-kw closed-cycle plant will be comparable to those of a 
5000-kw open-cycle plant. This is a favorable characteristic. 

The practicability of the closed-cycle system may ultimately 
be determined by the problems associated with getting the heat 
from the fuel into the system. The author has elected to intro- 
duce the heat through an externally fired air heater, thus offering 
the possibility of using the cheapest grades of liquid fuels or pul- 
verized coal. Such an air heater requires extensive use of high- 
priced stainless steel for temperatures above 1000 F. The pre- 
cautions which must be taken to protect the tubes of such a gas- 
to-air heater from overheating, pose a difficult set of problems to 
the air-heater builder in designing an air heater comparable in 
both size and cost to a steam generator of equal plant capacity. 
Engineers interested in the development of a gas-turbine power 
plant will wait with interest to see how our air-heater manufac- 
turers can meet these requirements at an economic cost when 
burning pulverized coal. Much, if not all, of the ultimate part 
that will be played by this cycle in primary power generation may 
well rest in the satisfactory solution of this air-heater problem 
when burning pulverized coal. 

It is not to be expected that this and possibly other problems 
associated with this new form of gas-turbine power plant can be 
solved overnight. The problems involved in developing the 
steam cycle to its present level of performance and reliability 
required a long time for solution. We should, with equal con- 
sideration, concede that problems in connection with this new 
system which, at first glance, look to be formidable, may after 
further study actually yield to research and development. The 
engineering profession is learning to be optimistic regarding 
the possibilities of development of the gas turbine, and that opti- 
mism should be extended to studies of this new type of system. 


M. L. IReEvanp, Jr.7_ The closed-cycle process at present ap- 
pears to be the most practicable means to obtain single plant 
outputs in excess of about 6000 hp, and the author’s company 
has shown unusual foresight in concentrating its efforts on this 
design. 

For central-station applications this cycle offers the prospect 
of thermal efficiencies exceeding those now attainable with the 
most modern steam plants and this may well warrant the high 
development costs which must be incurred. 

The prospect for closed-cycle marine gas-turbine power plants 
in excess of about 6000 hp appear to be less favorable for strictly 
commercial applications. Some idea of the initial cost and the 
operating and maintenance problems of such a plant can be 
gained from a comparison of the major components with the 
corresponding items of a steam-turbine plant for superheater 
conditions of 700 lb 850 F, as follows: 

1 From the author’s Fig. 35 we find that two air turbines are 
required which, though smaller in size, are probably more costly 
than the cross-compound steam-turbine unit because of the 
higher-temperature materials required. 

2 Four air-circuit compressors and three intercoolers are re- 
quired which correspond in function to the condensing and feed- 
water heating and pumping units of the steam plant. The cost of 
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the compressors will probably more than offset the reduction in 
heat-exchange equipment, even when the increased circulating- 
water requirements of the steam plant are taken into account. 

3 Even when pressure charging is employed, the air heater 
and regenerator when taken together appear to about equal the 
total heating surface, including air heaters of about 2 sq ft per hp, 
which is required for a steam plant of this size. Judging from the 
percentage of high-temperature materials required for the air 
heater, the cost will compare quite unfavorably. 

4 The pressure-charging set for the air heater is understood 
to be neceSsary to reduce the dimensions of this unit, but this is 
felt to introduce undesirable complications for a marine unit 
which already contains so many novel features. In particular, 
it is believed that the pressure-fired boiler will be more sensitive to 
pressure and flow changes in the air circuit with consequent in- 
creased risk of damage to tubes subject to high thermal loading 
on the fuel-gas side. 

5 There remain the high- and low-pressure accumulators, 
the control unit and the starting motor, which may be compared 
with the throttle and combustion-control elements of the steam 
plant. 

When itemized in this way it is difficult to believe that the 
initial cost of the closed-cycle marine unit will compare at all 
favorably with a steam-turbine plant for, say, 700 psi 850 F at the 
superheater. The operating requirements appear to be quite 
similar, as in both cases primary control is applied to the weight 
flow of the working medium and the fuel control follows with a 
certain inevitable time lag. Considering the relative number of 
major rotating elements and the fact that combustion gases must 
pass over heat-exchanger tubes in both cases, there does not ap- 
pear to be any evident advantage as regards maintenance. 


The advantage in thermal efficiency over the conditions out- 


lined for a steam plant is large, being approximately 15 per cent, 
but there remains a question, in this writer’s mind at least, whether 
this will not be absorbed by increased capital charges and main- 
tenance expense. 

A substantial saving in weight is indicated which will be of 
importance for vessels carrying heavy cargoes. However, the 
fore-and-aft length of the closed-cycle unit in Figs. 35 and 36 
is about 5 ft longer than the machinery compartment for a stand- 
ard C-3 steam-turbine-driven cargo ship with 8500 shp. A con- 
siderable portion of the wing spaces abreast of the main plant 
will be required for generators, pumps, compressors and other 
ship’s machinery and would be of little value for cargo space in 
any case. Therefore, in a cubic-capacity trade, the closed-cycle 
plant would probably be at a slight disadvantage. 

In general it would appear that these factors can be considered 
only when a specific vessel and trade are under consideration 
and therefore should not be cited as intrinsic advantages or dis- 
advantages of the closed-cycle plant as compared to a steam- 
turbine unit. 

It is encouraging that the development of the controllable- 
pitch propeller has also been undertaken by the author’s company 
and it is hoped that he will shed some light on one feature of this 
equipment which has given much cause for concern. During the 
process of reversing the propeller pitch it is necessary to move the 
blades back through the angle of zero lift, while the ship is still 
making headway. For a brief interval, while the blades are not 
fully reversed, they would appear to be receiving energy to drive 
the shaft which would result in an acceleration of the shaft speed. 
If the pitch control should become jammed in this position 
it would appear that dangerous overspeeding of the unit might 
occur. This situation would appear to be more critical for a gas- 
turbine plant than with Diesel engines which are believed to be 
the type of power plant to which the controllable-pitch propeller 
has so far been mainly applied. 
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JoserpH Kaye.’ This paper presenting a statement of the 
status of the closed-cycle gas-turbine power plant, brings to 
mind some interesting questions which it does not answer di- 
rectly. (a) Does the closed-cycle gas-turbine plant possess any 
marked improvement in efficiency in comparison with other 
power plants of a similar nature, such as a steam power plant? 
(b) Is the size of the closed-cycle gas-turbine plant smaller than 
that of a comparable steam plant? 

The closed-cycle gas turbine might also be compared with the 
more widely known combustion-gas turbine in regard to fuel con- 
sumption and size. However, such a comparison would be in- 
conclusive at best, since different fuels are used at present for the 
two plants, and since the primary functions of the two plants are 
not similar. It should be noted that the closed-cycle gas turbine 
and the steam plant utilize the same fuels, perform the same 
primary functions, and possess parallel component parts. 

For purposes of comparison, the following two power plants 
may be selected: 

(a) The proposed closed-cycle gas turbine, shown in Fig. 10 
of the paper, involves four compressors with three intercoolers, 
two turbines with two heaters, and a regenerator with an as- 
sumed effectiveness of 90 per cent. In addition a precooler is 
necessary at the entrance to the first compressor. The inlet 
temperature of each turbine is 1200 F, and from the data given in 
Fig. 10 the turbine efficiency is about 93 per cent and the com- 
pressor efficiency is about 90 per cent. 

(6) The second power unit is the customary condensing steam 
power plant with one reheater present. For the purpose of this 
comparison the temperatures and pressures at each turbine 
inlet are taken as those in Fig. 10 of the paper. The condenser 
is assumed to operate at 1 in. Hg, and the feedwater pump to have 
an efficiency of 90 per cent. Regenerative feedwater heaters are 
omitted for simplicity; their effect on efficiency can be easily 
estimated from known data. The pressure drops in the boiler, 
superheater, and reheater are equal to the corresponding pres- 
sure drops in the high-pressure side of the regenerator, first 
heater, and second heater, respectively, as given in Fig. 10. 

The efficiency of the proposed closed-cycle gas turbine in (a) 
is about 39 per cent allowing for external losses. 

The efficiency of the steam power plant in (b) is about 38 
per cent for turbine efficiencies of 93 per cent, and is about 35 per 
cent for turbine efficiencies of 85 per cent, allowing in each case for 
external losses. These efficiencies could be increased by 10 per 
cent through the introduction of several regenerative feedwater 
heaters. The efficiency could also be increased somewhat by the 
readjustment of the pressure ratios for the two turbines to yield 
the maximum steam cycle efficiency for the same temperatures. 

On the basis of efficiency, the proposed closed-cycle gas tur- 
bine in (a) represents no marked improvement over the com- 
parable steam plant in (0). ‘ 

The power units in (a) and (b) may be compared on the basis of 
size. Consider first the turbines and compressors of (a) and the 
turbines and feed pump of (b). The turbines of (a) must de- 
liver several times the power of the turbines in (b) for the same 
net power of the complete unit, since the power consumption of the 
feed pump in the steam unit in (b) is negligible compared to 
the power required to drive the compressors of the gas-turbine 
unit in (a). In other words, for a net power of 2000 hp, the tur- 
bines in the steam plant in (b) will deliver slightly more than 2000 
hp, wheréas the turbines of the unit in (a) must deliver about 
4000 hp, and the compressors will absorb about 2000 hp. Even 
if the specific weight of the turbines in (a) is less than that for the 
turbines in the steam unit in (6), it is apparent that the steam 
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plant has a decided advantage with respect to size of its prime 
movers. 

Censider next the size of the heat-transfer units of the closed- 
cycle gas turbine in (a) and of the steam plant in (6). Both units 
have a heater in which heat is transferred to the working fluid at 
high temperatures. Both units have a cooler for rejecting heat 
from the working fluid; in the case of unit (a), this cooler com- 
prises the precooler and intercoolers, while for unit (b), it is the 
condenser. Moreover, the gas turbine in (a) has an additional 
piece of heat-transfer equipment, the regenerator. 

For equal heat flows and similar constructional details, the 
size of the heaters and of the coolers will be determined mainly 
by the major resistances to heat transfer. Under these conditions 
the size of the heater of the gas turbine in (a) will be larger than 
that of the steam plant in (6) for several reasons: The thermal 
resistance of the high-pressure gas of the heater in (a) will be 
larger than the resistance of the high-pressure vaporizing fluid 
in the steam plant in (b). Then, the use of high-pressure com- 
bustion to reduce the thermal resistance on the flue-gas side of 
the heater is applicable to the steam power unit in (6) as well as 
to the gas turbine in (a). For equal heat flows and similar con- 
structional details the combined size of the precooler and inter- 
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TABLE 3 COMPARISON OF VARIOUS GAS-TURBINE CYCLES 


reheat intercool cycle using the same or somewhat lower maximum 
pressure than that of the closed cycle. 

In Table 3 of this discussion a comparison is given of the inlet 
volume of different gas-turbine cycles, as well as steam cycles, 
taking the author’s data for the 8000-shp unit as a basis. 

The table shows that the inlet volume of the open cycle, using 
the same maximum pressure as the AK-cycle, is only about 20 
per cent higher than the combustion air volume of a steam-turbine 
plant operating at maximum load. As higher velocities in the 
ducts may be used for a gas turbine, the ducts will be of about 
the same dimensions as those of the steam plant. 

Compared with the closed cycle the efficiency of the multiple- 
reheat-intercool cycle will be considerably higher, amounting 
to 10 to 15 per cent for the example just given. On account of 
the low air rate this combination is ideal for very large gas tur- 
bines. 

As regards coal-firing, it should be noted that the open cycle 
also may be fitted with an external air heater if that should be 
required. In this case the additional heat losses due to com- 


bustion air amount to only a few per cent, as hot air from the gas- 
turbine exhaust may be used as combustion air in a “‘tail-end”’ 
boiler. 


Compressor- Combustion- 
Air air-inlet air-inlet Thermal 
pressure, Pressure Air rate, volume, volume, efficiency. 
Cycle psi ratio lb per hphr cfm cfm per cent 
AK-double heat... .. 600/60 10 33 15000 14000 33 
Reheat intercool, 4-3- 
600/14.7 41 18 38 
Reheat intercool, 3-2- 
250/14.7 17 24 7 
Steam maximum load 14.7 ee ws ramus 26000 17 
Steam, normal load. . 19000 23 


efficiency of 83 per cent. 


coolers of the gas turbine in (a) will be larger than the size of the 
condenser of the steam unit in (b). These heat-transfer units use 
water as the cooling agent, and they will have about the same 
thermal resistance on the cooling-water side. However, the ther- 
mal resistance of the low-pressure gas in (a) will be consider- 
ably greater than the resistance of the condensing steam in (0). 

In conclusion, if the large size of the regenerator of the closed- 
cycle gas turbine in (a) is considered, it is apparent that the over- 
all size of the equipment for the closed-cycle gas turbine in (a) 
will be greater than the size of the steam plant in (b) without a 
compensating gain in efficiency. 


Aur LysHotm.® In the writer’s opinion the high thermal ef- 
ficiency is to a great extent due to the perfect aerodynamic de- 
sign, especially of turbine and compressors, as well as to the 
high-efficiency 90 per cent regenerator, which has counterbal- 
anced the inherent unavoidable losses of the closed cycle. These 
losses are as follows: 


1 Losses in the externally fired air heater. 

2 Aftercooler losses, including the loss caused by a higher 
inlet-air temperature of the first compressor, as compared to the 
open cycle. In cases where the cooling-water temperature is 
lower than the air temperature a precooler could be used with 
advantage for the open cycle. 

‘“Feed”-pump losses. 


The author states that the inlet volume for the open cycle is 
many times higher than that of the steam-turbine cycle. That 
is correct for an open simple gas-turbine cycle, but not for the 


* Consulting Engineer, Stockholm, Sweden. 


9 The data in this table have been computed with a turbine efficiency of 88 per cent, and a compressor 


FREDERICK NETTEL."° 
isotherm cycle (in which we recognize the Ericsson cycle) is in its 
theoretical form equivalent to the Carnot cycle, and seems to 


The author mentions that the double- 


claim on this basis some sort of superiority for it. It must be 
kept in mind that the approach to the Carnot cycle is realized by 
assuming not only ideal compression and expansion, byt also 
100 per cent recuperation. 

Under the same assumption, however, even the simple Bray- 
ton cycle approaches Carnot efficiency as the pressure ratio de- 
creases. For thermodynamical purposes Fig. 3 can be interpreted 
as agglomeration of three Brayton cycles. 

Any basic superiority of the double-isotherm cycle appears 
doubtful from this viewpoint, apart from quite fundamental 
additional considerations which enter the question as soon as 
even slight deviations from 100 per cent efficiencies are contem- 
plated for compression, expansion and recuperation. 

On the basis of fundamental thermodynamic research (the 
results of which are not yet released) it must be said that it is 
even doubtful whether any of the two cycles is particularly 
suited to approach Carnot efficiency with a minimum of heat- 
transfer surfaces, and in particular it must be doubted whether 
the intentional complete omission of any adiabatic compression 
is always helpful. Let us consider only the last stage of an iso- 
thermal compression. There we carry away compression heat 
by cooling, only to replace it immediately thereafter by heating. 
This is all right as long as the heating is obtained, so to speak, free 
of charge by 100 per cent recuperation, but if we have only 90 o1 

80, or 70 per cent recuperation it is sheer waste of heat. This is 
only one of the reasons why the Ericsson cycle is not the ideal to 


10 Consulting Engineer, Manhasset, Long Island, N. Y. 
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strive for in practical plants. Approaching a cycle which is best 
under ideal conditions does not give the plant that is best under 
conditions prevailing in practice, namely, with finite efficiencies 
of the components. 

The interrelations between the method of intercooling, re- 
heating, and recuperation, if applied simultaneously, are much 
more complex than it would appear from the presentation of the 
AK cycle, and that is the reason why the writer arrives at ap- 
preciably different results in setting up optimum conditions for 
open as well as closed cycles. 

The author speaks of the supercharged closed cycle as “an 
important new feature’ and mentions as its “chief characteris- 
tic’ the changing of the density of the working fluid in accord- 
ance with the load to be furnished. Without wishing in the 
least to detract from the fact that Ackeret and Keller have. intro- 
duced this principle for air “turbines,’’ we must face history by 
mentioning that the closed cycle and density regulation were actu- 
ally anticipated for air ‘engines’? decades ago. However, this 
is not the place to go into details, and that does not change the 
fact that the application of this principle in a properly modified 
form has outstanding promise for high-power air turbines. In 
commenting on the merits of the AK cycle, its demerits and 
limitations need also to be given due consideration. 

The utilization of coal as fuel is imperative if the gas or air 
turbine is ever to play an important role as a prime mover. 
The author points to the radical decrease in the size of heat ex- 
changers and the favorable heat transfer to highly compressed 
air. He touches on the necessity to preheat the combustion air 
in the air heater furnace."! Since the stack gases from the 
furnace and the combustion air have to exchange heat near at- 
mospheric pressure, this air heater does not profit in any way from 
the supercharging of the power cycle, and the necessary heat- 
transfer surface will be of the same magnitude as that of air 
heaters used in steam boilers. We know that those air heaters 
have surfaces which often are multiples of the boiler heating 
surfaces proper, and we know too that they determine the fur- 
nace efficiency, not only in steam power plants, but equally in 
air-turbine power plants of the AK-type. However, this is not 
necessarily the case in other closed or semi-closed plants of a 
modified layout and hook-up. 

With reference to the section of the paper on operating cycles 
of the AK process: Two intermediate coolers and a pressure 
ratio of about 3 to 4 are mentioned as the most favorable for the 
simplest air-turbine plants. The author does not give any basis 
for this statement. Actually the best pressure ratio varies 
widely with recuperator effectiveness, top temperature at tur- 
bine inlet, turbine and compressor efficiencies, etc. 

In practice an “oversize” heat exchanger can be made to cover 
up nearly any deviation from optimum layout, and this is what 
appears to have been done in the 2000-kw experimental AK plant, 
where a recuperator of close to 90 per cent effectiveness is being 
used. While a recuperator of 75 per cent effectiveness is already 
pretty large, one of almost 90 per cent is definitely oversize. 

Now the author may reply that his recuperator is as such much 
smaller than those required in open gas-turbine plants due to the 
much better heat transfer resulting from supercharging. How- 
ever, this would be beside the point if it can be shown that an 
equal or better efficiency can be reached in a similar plant of 
modified layout with smaller transfer surfaces; and that can be 
shown. 

* Actually, in a similar manner as indicated by Soderberg-Smith 
for open cycles, the optimum pressure ratios increase with in- 
creasing refinements (intercooling and reheating) but fall with 


11 Without, however, mentioning the conditions under which this 
must be done. 
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rising effectiveness of the recuperator, and there is no short cut 
to fixing a ratio at 3 to 4 as ‘most favorable.” 

All Sankey diagrams show high furnace efficiencies obtained 
by air preheaters for the combustion air, but the text gives no 
indication of their size and the degree of air preheat. 

In view of the foregoing, it is difficult to understand Fig. 9 
fully. In the ‘Index of Figures”’ (referring to Fig. 9) a minor error 
(due probably to translation) has crept in. Only a small Aty = 
18 deg F in combination with a large eg = 10 per cent can lead to 
the same curve 2 as a larger Atg = 36 deg F in combination 
with asmallere, = 5 percent. The same holds good for curve 3. 

With reference to air heaters: Under this section the influence 
of preheated combustion air is stated ‘to lead to an increase in 
the furnace temperature,’ and that in plants burning pulver- 
ized coal “such preheating of the secondary air is desirable,” 
since it permits a reduction in the size of the combustion chamber. 

Every reason for favoring air preheating given is sound, but 
the most important fact, namely, that the AK plant would badly 
disappoint in efficiency without such a very large air preheater, 
may escape notice as the author proposes “not to deal further 
herein with the details of coal-fired air heaters.” 

There can be little doubt that supercharging of the air heater 
on the gas side has great merits for marine plants. However, the 
problem of regulation of the supercharging set and the problem 
of very low loads, for example in naval plants, is one of the most 
complicated that awaits solution. Probably the author did not 
go into these details as outside the scope of a general paper. 
It is in any case necessary for us to realize that supercharging of 
air heaters in closed or semiclosed air-turbine plants deserves 
closest attention in the future. 

Do the figures 1.5 to 3 sq ft of heat-transfer surface per kw 
include the air preheaters for the combustion air? 

Governing: The size of the air accumulators for a 50,000-kw 
plant would be interesting to know if we consider the possible 
tripping of the generator circuit breaker twice or three times 
within, say, '/; hr. 

The writer will conclude with some remarks regarding the ef- 
ficiency curves in Fig. 7. According to the author, without alter- 
ing the temperatures the efficiency of the plant should be almost 
equally high at part loads as at full load. 

The curves, while comparing very well indeed with those of 
other prime movers, will necessarily show a steady drop with the 
load. The reason is simple enough; if at full load the tube ma- 
terial in the air heater is thermally fully utilized, a certain safe 
limiting wall temperature is reached. At lower loads the air den- 
sity drops and with it the heat transfer from wall to air, and if we 
try now to maintain the top heating temperature the wall tem- 
perature would rise beyond a safe limit. Since that is inad- 
missible, a lowering of the top temperature becomes imperative, 
resulting in a somewhat lower efficiency. 

While curve (a) is shown as a horizontal, this would seemattaina- 
ble only if at full load the tube material would not be thermally 
fully utilized, thus admitting higher wall temperatures at partial 
loads. Whether or not a plant should be designed in this way 
will depend primarily on the load diversity factor of the plant 
during operation. 


J. K. Satispury.'* After one has mastered the prerequisite 
elements of engineering, the problem of design of power-generat- 
ing equipment becomes primarily one of economics. It is well 
recognized that any power plant consists primarily of a means 
for supplying heat to a system, and an accompanying means for 
rejecting less heat than is supplied. The difference between the 


12 Turbine Generator Engineering Division, General Electric 
Company, Schenectady, N. Y. Mem. A.S.M.E. 
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heat supplied and the heat rejected is equal to the power gener- 
ated, according to the fundamental laws of thermodynamics. 
In many cases the supplying of heat to a system and the rejec- 
tion of heat from a system requires the use of indirect heat-trans- 
fer surfaces. Both the weight and the quality, as well as the 
degree of fabrication of the materials which go into these heat- 
transfer surfaces determine to a large extent the cost of the power- 
generating system. 

Typical exceptions to the generalization that power plants 
require heat-transfer surfaces are the open-cycle gas turbine and 
the Diesel engine. In these plants heat-transfer surface is not 
required because the heat generated within the working fluid is 
transferred by direct contact, thus eliminating an expensive 
type of surface, which must be suitable for operation at high 
temperatures, for high efficiency. Both of these power plants 
reject heat to the atmosphere through the medium of the ex- 
haust gases. In the case of the Diesel engine, an appreciable 
portion is also rejected to the cooling water. Obviously, both 
of these plants thus eliminate a large item of expense. 

Consider the general proposition of the transfer of heat 
through an indirect heating surface in the type of power plant 
which requires it. According to the well-known equation of 
heat transfer, the heat transferred Q, is given by the expression 


Q = UAAT 


The last two factors in this equation represent material for inter- 
esting speculation. By increasing the value of A we can de- 
crease the value of A7’, with constant heat input Q. When we 
increase the surface area A, we increase the cost of the power 
plant; at the same time we reduce the value of the temperature 
difference AT; according to the second law of thermodynamics 
this improves the efficiency of the power plant. It is readily 
apparent that we may exchange cost of the power plant for 
efficiency of the power plant; when the cost increases the ef- 
ficiency improves, when the cost decreases the efficiency becomes 
poorer. This principle is particularly apparent to any student 
of gas-turbine cycles, although it is also applicable to steam power 
plants. 

The first factor in the heat-transfer equation, the heat-transfer 
coefficient U, is ordinarily not considered to be susceptible of 
much improvement. However, the author has, in the design 
of the plant described in the paper, indicated a method whereby 
U may be increased without appreciable direct cost. By in- 
crease of the pressure level in the system the heat-transfer co- 
efficient is increased almost in direct proportion, thus reducing 
the value of A required for a given rating and efficiency. In 
other words, the use of the pressure cycle in which heat-transfer 
surfaces in regenerators are reduced by the use of high pressure 
on both sides of the surface, is considered to be of importance 
in the gas-turbine field. This principle permits realization of 
high efficiency without the usual accompanying high cost of the 
regenerator. 

The engineering of the plant described in the paper indicates 
an acute awareness of the factors which are effective in yielding 
a high-efficiency power plant. The engineering of this plant 
cannot be questioned because in the first place the power plant 
has successfully performed, and in the second place the plant has 
produced a high efficiency. The author and the Escher Wyss 
Company are to be sincerely congratulated on their achievement. 
The advantages of this plant, in order of importance, seem to the 
writer to be as follows: 


1 Control of output by variation of density, thus maintain- 
ing constant internal efficiency. (It is obvious that there is no 
inherent advantage in efficiency at a given load due to the use 
of the pressure cycle.) 


2 The probable ability of the plaat to burn coal, 

3 The reduction in heating-surface cost per kilowatt. 

4 The use of clean air in the circuit, avoiding decrease of com- 
pressor and turbine efficiency with use, and justifying the use of a 
larger regenerator. 

5 The possibility of building units in larger ratings. 


Although the engineering of this plant cannot be questioned, 
the economic situation does appear to be open to question, 
especially in the United States. It is recognized that any gas- 
turbine plant is handicapped by the requirement of a compressor 
rated at about */; of the total gross power output of the turbine. 
Thus the sum of the ratings of the compressor and turbine in 
nearly any gas-turbine plant is equal to about 4 or 5 times the 
net output. Intrinsically therefore the gas-turbine power plant 
uses machinery which, on the basis of its rating, should cost sev- 
eral times that of the turbine in a steam plant of the same rating. 
In the open-cycle gas-turbine plant this higher cost is partially 
offset by the elimination of expensive heat-transfer surface such 
as the boiler. 

The closed-cycle plant suffers the same disadvantage, with 
respect to the cost of the rotating machinery, as the open-cycle 
plant and, in addition, requires the use of expensive indirect heat- 
transfer surface in the air heater. In the writer’s opinion it is 
highly questionable whether this air heater, or one of similar 
capabilities, could be built in the United States for less than $75 
per kw of plant rating. This price, when added to the higher 
price of the rotating machinery and regenerating equipment, 
would seem to make the total cost of a power plant of this type 
considerably higher than the usual price for steam power plants 
in the United States. The apparently higher fixed charges on 
such a plant would mitigate against its economic application in 
either industrial or central station plants, particularly the former, 
where the fixed charges are usually taken to be a higher percent- 
age than in the central-station industry. 

Even with the higher fixed charges, which in our judgment 
would obtain, such a plant might be acceptable, especially where 
the fuel cost is high, if it were impossible to build a plant with this 
efficiency in any other manner. Our studies, however, indicate 
that with equal ease a 2000-kw steam plant can be designed 
having an efficiency equal to that of the Escher Wyss.closed-cycle 
plant. Such a steam plant would be designed for a somewhat 
higher pressure than the experimental plant operated in Switser- 
land, but for a lower temperature, to compensate for the higher 
pressure; the material requirements would be no more stringent 
than in the author’s plant. The inlet steam conditions would be 
600 psig 1200 F, and the exhaust pressure 0.66 in. Hg. 

This exhaust pressure, according to our estimate, could be ob- 
tained with the temperature of the cooling water used in the 
Escher Wyss test plant. Using a turbine efficiency which in- 
cludes some margin, a good feedwater-heating cycle, 5 per cent 
auxiliary power, and 92 per cent dry-boiler efficiency (equivalent 
to about 86 per cent on the usual basis), the thermal efficiency 
of the steam plant was found to be 30.4 per cent. While on first 
thought the superheating of steam to 1200 F seems to be dif- 
ficult of accomplishment, it must be realized that in this country 
steam superheaters have already been built with an outlet tem- 
perature of 1400 F, for special applications. Furthermore, the 
quantity of heat which must be put into the superheated steam at 
high temperature, for a unit of energy output at the generator 
terminals, is considerably less, as will be shown. 

The degree of severity of the metallurgical problems in the re- 
spective plants is described quite clearly by a statement of the 
relative quantity of heat put into the working fluid between given 
temperature limits, per unit of net energy output. One inter- 
esting way in which this may be done is to express the energy in- 
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put in units of kilowatt-hours, in order to make this energy 
directly comparable with the output of the generator. Since 
modern metallurgy does not recognize temperatures below 900 F 
as a problem, these temperatures will not be considered. In 
Table 4 of this discussion is included a mercury-steam plant, 
in which a mercury-vapor cycle is superposed on the 600-psig 
1200 F steam cycle. While the writer’s company is not prepared 
to build such a plant today, it is of academic interest in that it 
indicates the considerably smaller quantity of heat supplied at 
high temperatures in this cycle, despite the very high thermal ef- 
ficiency of the plant. 


TABLE 4 COMPARISON OF QUANTITY OF HEAT SUPPLIED AT 
VARIOUS TEMPERATURES PER UNIT ENERGY OUTPUT 


(Kwhr of heat supplied per kwhr at generator terminals) 
500 psig — 1200 


Escher-Wyss F mercury super- 

Temperature aerodynamic 600 psig — 1200 F_ posed on 600 psig 

range, deg F turbine plant steam plent - = F steam 
plant 
900-1000 0.578 0.131 0.119 
1000-1100 0.584 0.132 0.119 
1100-1200 0.590 0.131 1.464 
1200-1268 0.405 0 0 
Total, above 900 2.16 0.394 1.70 

Plant thermal ef- 
ficiency, per cent 30.5 30.4 37.8 


This table is of great interest because it indicates that in a 
steam plant, designed for the stated steam conditions, only 
about !/; as much heat per net kilowatt of output is required to 
be transferred at temperatures above 900 F. Even in the mer- 
cury-steam plant, which has a thermal efficiency considerably 
better than that of the closed-cycle plant, the heat transferred at 
temperatures above 900 F is considerably less, although admit- 
tedly a large proportion of the heat is transferred at 1200 F. 
This heat transfer, however, occurs from gas to boiling liquid, 
so that the metal temperatures approximate the boiling- 
liquid temperatures. 

The writer would like to ask the author several detailed ques- 
tions. In view of the fact that the average steam plant has a 
total heating surface in the boiler and the condenser of about 
2 to 2.5 sq ft per kw of plant rating, what is the corresponding 
figure for the Escher Wyss plant, including regenerator, air 
heater, combustion-air heater, intercoolers, and precooler? Since, 
according to previously published information, the combined pres- 
sure drop on the high-pressure side of both the regenerator and 
air heater of the test plant was only 3.5 psi, how is this recon- 
ciled with the 10 to 15 psi pressure drop mentioned by the author 
for the air heater only? Published figures indicate that the re- 
circulating-fan power in the test plant was only 2 kw, or 0.1 
per cent of the net plant output. American experience in this 
connection has indicated that recirculating-fan powers are usually 
very much higher than this percentage. Will the author under- 
take an explanation of how such low fan power was achieved? 
Calculations by the writer indicate that the mechanical ef- 
ficiency of the rotating machinery, based on the net generator out- 
put, is approximately 86 per cent. Even when all of the me- 
chanical losses in the turbines are charged against the sum of the 
powers of both the turbines and compressors, the mechanical ef- 
ficiency is only 97.4 per cent, a rather low value. Will the au- 
thor state whether this low value is due to the oil seal used on the 
shaft ends or whether there is some other reason for the high 
losses? 


AUTHOR’s CLOSURE 


General. It is not an easy matter for the author to answer the 
many questions posed in the long discussions of this paper in as 
exhaustive a manner as he would like to do. The principal reason 
for this is the fact that this new system of gas turbines is actually 
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still at the beginning of its practical development. Therefore, 
not all of the elements have found their final form. The field of 
application is very large and, always considering the principle of 
the high-density circuit, many solutions are possible. It is im- 
possible to give definite and general answers, for example, for the 
best layout or for prices. They may vary widely with given con- 
ditions, such as cooling-water temperature or supply, air tempera- 
ture, efficiencies asked for, necessary weight, etc. 

A crew of engineers has worked for more than 10 years and 
not under favorable conditions, on this project to bring it to its 
present state, namely, actual installations in industrial plants. 
The deeper we went into details in our studies, the more we 
found, not only from the technical and physical but also from the 
economical point of view, that the closed-cycle power unit offers 
many operating advantages as well as higher efficiency, as com- 
pared with steam turbines and open-cycle combustion gas tur- 
bines in many applications, especially for ship propulsion and 
stationary plants. 

It is an honor and a pleasure for us to see what great interest 
has been created by our visit to America, and in the discussion 
with many famous scientists and engineers. These discussions 
developed many new and helpful ideas for us and we derived some 
very useful data, especially from the metallurgists. All this en- 
courages us to an optimistic outlook regarding broader realiza- 
tion of our objectives. We are much impressed and thankful for 
the open-minded criticism. 

Before answering the several items of discussion in detail, the 
author would like to make a few general remarks which hold for 
many questions and allusions common to different discussers. 
It will be recalled that this conference was meant to give a general 
survey of what has been accomplished by the author’s company 
during the war and to explain the physical base of the cycle. 
Naturally, we have constantly kept in mind the matter of econom- 
ics for future plants. We know much more about costs now 
than we knew a year ago, as a consequence of relief in prices for 
different materials involved. Even at the present time, a closed- 
cycle plant of, say, 12,000 or 25,000 kw output with oil and gas 
firing does not cost much more than a modern steam plant, if one 
takes into account all the saving in space for the building, the 
foundations, the lack of feedwater preparation, etc. 

In contradistinction to steam-turbine practice, the whole range 
of output from, say, 6000 to 50,000 kw can be covered by a few 
types of machines and apparatus only. Many elements, such 
as blades, tube bundles of heat-exchangers, headers, or air heat- 
ers, then auxiliaries as leakage compressors, regulating gear, etc., 
can more easily be simplified, classified, and normalized. This 
will help considerably in achieving low-cost fabrication methods, 
and therefore in lowering further the cost of a plant. 

An oil-fired plant of about 17,000 hp net output is under con- 
struction now at the Escher Wyss Works in Zurich. It is hoped 
that, in the near future, much more can be said about prices, op- 
erating experience, and maintenance, based on facts. The over- 
all efficiency, including all auxiliaries, of about 37 per cent at full 
load must also be considered when comparing prices and economy 
with other systems. 

The author would like to point out that the construction of the 
test plant of 2000 kw at our works, which is dealt with extensively 
in the paper was started more than 10 years ago. This was really 
meant for development and research work and not as representa- 
tive of later plants. All direct comparisons with other caloric 
plants concerning results achieved are therefore misleading. It 
may be of interest that in the same space which we used for the 
test plant, at the present state of technical development, we can 
install a 15,000 to 20,0000-hp plant. This shows that many simpli- 
fications and savings in construction based on the long experi- 
ence and studies have been achieved. 
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Fic. 36 SHows Area Coverep spy Test PLANT (LEFT) AND THE First INDUSTRIAL APPLICATION (RIGHT) Now UNDER Way 
(Test plant, 2000 kw; plant under construction, 12,500 kw.) . 


Fig. 36 of this closure shows the area covered by the test plant 
with which many American engineers are familiar, as well as the 
first industrial application now under way.'? The saving is due 
mainly to the large output, and the choice of the higher pressure of 
50 atm abs with a pressure ratio of about 10 between the low- and 
high-pressure sides because two-stage expansion is used. 

All necessary details of this plant will be divulged to the engin- 
veering profession when it is finished. Therefore, the author begs 
the reader’s indulgence for not going into detail here. However, 
it may be said that we are not only optimistic about the technical 
progress achieved but also concerning prices, as a result of the 
reasons given herein. In this respect, it must not be forgotten 
that the amount of special and expensive materials for the ma- 
chines is small because the dimensions are small, as compared with 
other gas turbines, 

On our last visit to America and England, it was gratifying to 
learn that the necessary tubes for the air heater can be produced 
on a normal commercial basis. They are similar to the type 
widely used for modern cracking plants under more severe con- 
ditions than occur in the AK heater. The total weight of heat- 
resisting material, compared with the total iron weight of the 
whole installation, amounts to only about 12 to 15 per cent. To 
give an idea; the cost of the air-heater tubes for a big plant 
amounts only to about 7 per cent of the total cost. These figures 
show that the supercharged cycle, because of its smaller machine 
dimensions and heat-exchanger surfaces, offers advantages gen- 
erally not anticipated. 

Reply to J. H. Anderson. The principal points concerning 
matters of cost have been dealt with in the foregoing general 
statement. In comparison with corresponding steam plants the 
better possibilities to normalize elements and to build standard 


13 A brief description of the entire project is given under the title, 
“New Developments in Gas Turbine and Boiler-Plant Practice,” 
Power, vol. 90, Aug., 1946; details of the Escher Wyss installations 
are given on pp. 88-90, of this article. 


plants will play a big role in the future and affect costs. As the 
air heater from the construction point of view is a simpler appara- 
tus than a steam boiler, especially when supercharged-firing is 
used, there is no reason why this apparatus should cost more than 
a modern high-grade boiler. 

The control and regulating system of the plant by varying the 
density only leads to valveless machines and apparatus in the 
cycle itself. ‘The whole regulating block is a separate unit out- 
side the cycle in cold atmosphere. This arrangement gives favor- 
able operating conditions and much lower costs than the regulat- 
ing device of modern high-pressure high-temperature steam tur- 
bines. 

We have tried different shaft-seal constructions in the test 
plant. We now use the same liquid-seal method which has been 
widely used in our compressors for poisonous and dangerous 
chemical gases where shafts must be absolutely tight. As a con- 
sequence of the different alterations we have made in the test 
plant, the leakage loss has been relatively high. As the official re- 
port by Professor Quiby" on the trials shows, the compensation 
for air leakage amounts to about 30 kw at full load (2000 kw). 
The percentage loss in a new plant will be less. 

The drop in efficiency of 3 per cent at a certain test compressor 
in a rather short time has been measured in different instances. 
It is believed that such losses depend naturally upon the individ- 
ual form of guide vanes and runner blades. The difference in 
these friction losses in different airfoil-bladed machines may be 
due to the different Reynolds number involved. If a test is made 
with low velocities, the effect is naturally not so obvious as at 
high Reynolds number, where, as modern research on friction on 
plain and curved surfaces shows, the relative roughness plays a 
much bigger role. 

Reply to F. T. Hague. It was very encouraging for us to 
have the opinion of an engineer who has dealt with many pioneer 


14 Reprinted in Oil Engine, November, 1945. 


3 
' 
ikke 
| 
| | 
78m - —_— = 
- 
— 
2 


820 TRANSACTIONS OF THE A.S.M.E. 


efforts in the fields of steam and gas turbines and who has suc- 
cessfully carried new ideas on to realization. We can assure him 
that what seems to have occurred to him, when first studying our 
project, occurred to us also in the course of its development. 
Many details appeared to be formidable at first glance but our 
team of engineers has always found technical solutions. Construc- 
tion of all elements has been based upon intensive research work 
in our laboratories. As we cannot accomplish all our objectives 
at the same time, we first have concentrated on the construction 
of oil- and gas-fired installations. For this purpose, we have ar- 
rived at simple arrangements for the air heater. The coal-fired 
air heater will be the next step to be achieved, based on actual 
studies and experiments. We are quite optimistic about this 
field too. 

The principal problem in the case of pulverized-coal firing is 
the necessity for keeping slag and ash particles as far as possible 
away from the innermost rows of tubes near the combustion cen- 
ter. This can be effected by blowing in the recirculated flue 
gases, which serve for reducing the temperature of the furnace, 
along the whole inner tube wall between the tubes themselves. 
Tests which have been carried out in this connection show that this 
is already possible even in the case of small circulating volumes. 

Since circulating gases at approximately 1000 F are relatively 
cold, the blown-in current has the additional action of bringing 
about quick cooling and granulation of the slag particles. 

As Mr. Hague looks favorably and optimistically to the possi- 
bilities of the closed cycle, the author also would like to tell him 
that we think this system may also have a future application in 
connection with atomic power. 

Reference has already been made to the advantages of employ- 
ing light gases as the working medium for special purposes. For 
instance, helium or helium mixtures permit of heat-transmission 
values being attained which are of the same magnitude as for 
water. Thus, for otherwise similar conditions, the heating sur- 
faces in a helium heater could again be considerably reduced 
compared to the air heater. 

In so far as conditions can be foreseen, the closed helium 
circuit would prove suitable in a thermal power plant employing 
atomic energy. Since helium is neutral to the material of the pile 
and in addition has advantageous characteristics from the view- 
point of nuclear-physics in that, like graphite, it acts as a neutron 
moderator, the pile could be brought in direct contact with the 
gas. The pile might, in fact, possibly be arranged in a pressure 
vessel. The helium issuing from the compressor of the circuit 
could be supplied to the pile under a high pressure of 700. to 1400 
psi, for increasing the heat-transmission figures and reducing the 
dimensions, and would afterward flow in direct contact as a cool- 
ing medium around the uranium rods, as also through bores in the 
graphite itself. In this way the pile would give up the heat which 
it produces by direct convection to the helium. It may be fore- 
seen that under the assumptions mentioned (increased pressures) 
the large quantities of heat produced in the pile will, on account of 
the good heat transmission, be capable of being usefully taken up. 
In this manner no tubes would be required at all for the helium 
heater. Calculations show that if we assume a pile temperature 
of 1500 F as admissible, only a very small surface is needed to 
heat up the circulating helium to 1300 F. 

For 1000 kw net output of the plant, about 15 to 20 sq ft in 
direct contact with the gas are sufficient without a greater total 
pressure loss than 3 to 4 per cent in the “pile heater.”” Therefore, 
a 50,000-kw plant would need only a heat-transfer surface of less 
than 1000 sq ft. Whether such dimensions are possible from the 
physical aspects is not yet known. 

The adoption of a uranium pile in place of a combustion cham- 
ber would in the case of an open-circuit turbine be detrimentally 
affected by the fact that only small heat-transmission values are 
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attainable with air. Furthermore, the nitrogen would absorb 
neutrons and the open air current continually deliver radioactive 
products to the atmosphere. Moreover, there would be the dan- 
ger of the graphite in the pile being burned by the oxygen in the 
air. 

The use of steam as working medium likewise has the draw- 
back of a considerable absorption of neutrons and of a small heat 
transmission in the superheated condition, also requiring compli- 
cated installations. 

It is also possible to combine a normal closed cycle working 
with air or another suitable gas with a ‘‘pile’-heater through 
an intermediate circuit bringing the heat from the pile to a heat 
exchanger (air heater with tubes). This intermediate circuit is 
closed too and would contain compressed helium in order to get 
high heat-transfer coefficients both in the pile and in the air 
heater. By this arrangement the working circuit with the 
machines is entirely separated and safe from radioactive particles. 
Calculations show that the necessary surface for the helium air 
heater amount only to about 200 plus 300 sq ft per 1000 kw when 
working with pressures of 60 to 80 ata. 

We appreciate that the problems of utilizing the plant in con- 
junction with atomic energy are as yet unsolved and cannot yet be 
foreseen fully, particularly with regard to the construction. Nev- 
ertheless, the foregoing remarks show that the closed circuit has 
by no means reached the end of its development. On the con- 
trary, this new principle opens up wide possibilities for the im- 
proved conversion of heat into mechanical energy. 

Reply to M. L. Ireland, Jun. The method of estimating 
costs of future plants and the author’s point of view upon that 
subject are discussed in the introduction to this closure. In con- 
nection with point 4, it may be said that all our recent studies 
show that pressurizing is very suitable for marine applications 
with oil-firing and also for gas-fired heaters in stationary plants. 
The control of the small charging set is not complicated. 

The author agrees fully with the discusser’s advice that only in 
specific cases can the different systems be reasonably compared. 

We have made some studies for ship propulsion in the mean- 
time and especially on the regulating problems in connection with 
variable-pitch propellers. Some of these problems were discussed 
by Dr..Salzmann, Chief Engineer of Research Laboratories of 
Escher Wyss, at the Detroit meeting of the A.S.M.E. in June, 
1946. Asa result of these studies, it may be said that we do not 
foresee any particular difficulties in regulating and stabilizing 
in connection with turboelectric drive or in combination with 
variable-pitch propellers. 

For ships the closed air cycle offers an important advantage 
over the steam plant because of its ability to fit into given spaces 
as no gravity is acting on the working medium. All apparatus 
and machines can be arranged jn a great variety of ways. The 
fact that the amount of air to be taken in for the closed-cycle air 
heater is the same as that of a Diesel engine or steam plant gives 
the same dimensions of inlet openings and outlet openings for the 
combustion gases. The combustion gas turbine needs many 
times more surface for these purposes. 

Reply to Joseph Kaye. Our projects show that a closed- 
cycle power plant needs less total room than a corresponding 
steam plant of the same output. To give an idea; a 25,000-kw 
stationary plant can be built in a space of 90 X 52 X 40 ft for 
oil or gasfiring. In this space all the auxiliaries, all the ac- 
cumulators, and all the heaters and regenerators of the machines 
are situated. The weight will be about 35 to 40 lb perkw. Under 
favorable conditions, we can guarantee an efficiency at the coup- 
ling of the output turbine of 37 per cent at full load, 35 per cent 
at half load, and even 27 per cent at 20 per cent load, all auxiliar- 
ies included; this with a working temperature of about 1200 F. 
Higher temperatures of 1300 F or more, we believe, can be real- 
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ized in the very near future, after having gathered experience 
with the first plant. The figures cited can be attained by modern 
steam plants only for large outputs and with rather complicated 
installations. 

Reply to Alf Lysholm. It is true that we use high-efficiency 
regenerators in the closed-cycle system and that we need, like all 
other turbine systems, highly efficient compressors and turbines. 
But just to realize high figures constantly the absolutely pure 
medium offers ideal possibilities in the supercharged cycle. The 
Reynolds numbers are very high and heat transfer is good. The 
simple open-cycle combustion gas turbine uses a great excess of 
air to cool down the combustion gases to allowable temperatures 
for the turbines. This cannot be changed. The closed cycle 
needs about the same amount of intake air as a Diesel or steam 
plant. 

Concerning the reheat-intercool cycle mentioned for open gas 
turbines but with high pressures, the author is not familiar with 
the possibility of its practical realization. The high pressure 
ratio of about 40, involved in this system, will require other 
constructions in machines. It is also thought that the different 
reheat stages would lead to constructional complications. More 
reheat stages or intercooler stages could also be introduced in 
the closed cycle as already pointed out in the paper. Yet the 
theoretical gain of efficiency would, in our opinion, be balanced 
by additional mechanical pressure and temperature losses. 

Reply to Frederick Nettel. We try to follow the theoretical 
double isothermal cycle as closely as possible because we think 
this is a suitable way for gas processes to approach the maximum 
possible efficiency between given temperature limits with simple 
technical means which, from the engineering, constructional, and 
metallurgical point of view, are available today and in the near 
future. Mr. Nettel mentions another approach to the best ther- 
mal output, but as he does not give further explanation, the 
author cannot very well discuss the possibilities. It may be that 
there are other schemes for gas turbines but we shall stick to the 
one idea explained. All the deductions concerning best pressure 
ratios, reheat factor in heat exchangers, etc., should be regarded 
only in connection with the double isothermal cycle. For other 
eycles there are naturally, as Mr. Nettel points out, other most 
favorable relations. We arrived at these relations, for example, of 
3-4 for the best pressure ratio with direct expansion and 10-12 for 
double expansion, not only from the theoretical calculations of 
the cycle but also taking in account all the losses of pressure and 
temperature involved in practical plants. Also, the quantity of 
circulating gases for a given output plays an important role. 

The supercharging of the air-heater furnace not only lowers the 
surface of its tubes but also the surface of the combustion-air 
preheaters, because a part of the heat of the combustion gases 
is used in the expansion turbine which drives the supercharging 
set. 

Concerning the size of the heat exchanger, it may be said that 
75 per cent effectiveness is too low to get high efficiencies with 
normal circuit temperatures of about 1200 to 1300 F; 90 per cent 
effectiveness is really the figure upon which our actual construc- 
tion is based. This corresponds to temperature differences of 45 
to 65 deg F in this apparatus between the two air streams. It is 
an important item of the closed cycle that this high effectiveness 
can be realized with comparatively small surface and in small 
space; the heat-transfer in coefficients is many times higher 
than in an open-cycle installation, and we have to deal with an 
absolutely pure medium, so that we can really choose small 
diameters of tubes without any danger of scaling. As Mr. Nettel 
does not explain how he will attain better efficiencies and with 
what means, the author can only explain here the reasons which 
led us to our design. 

All indications of air preheat are given in Table 2 of Quiby’s 
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official report."5 As Mr. Nettel explains, an error crept‘in the ex- 
planation of Fig. 9 of the paper. It should be read as explained 
in his discussion. 

Our studies on supercharged air heaters led us to the opinion 
that the charging set is not so complicated an arrangement as 
perhaps it seems at first glance. All the regulating is established 
automatically to a great extent. 

The figure of 1.5 sq ft of heat-transfer surface per kilowatt re- 
lates to the air-heater surface plus preheater for a supercharged 
heater set. The air-preheater surface is dictated by the point 
of view of economy and is different in ships from that in stationary 
plants. 

The size of the accumulators depends upon the chosen pressure 
of the cold-storage air, and upon the “time-table”’ of the plant. 
The load variation, Mr. Nettel admits, is communically severe. 
To give an idea we would need about 100,000 cu ft. 

Reply to J. K. Salisbury. We were much interested to have 
Mr. Salisbury’s opinion of our work. As we know, he is in every 
respect an expert in the gas-turbine field. We would like to thank 
him again for the compliments he paid to the engineering work of 
our team. The author was gratified to have had several conversa- 
tions with him on this subject, and the principal advantages of 
the plants he mentions in his discussion are just those which con- 
vinced us since the start of our work to stick to it through all de- 
development difficulties. In connection with Mr. Salisbury’s 
survey of the economics of the situation, for the reasons explained 
in the introduction to this closure, the author can only agree with 
him that it is an open question. Naturally, the author is not too 
familiar with conditions in the United States. For the markets 
he knows better, he is not at all doubtful about cost development* 

The air heater with pressure firing is much less expensive than 
Mr. Salisbury estimates. The costs for the whole plant are even 
less than 75 dollars per kw. 

The comparison of a 2000-kw modern steam plant which can 
be built according to Mr. Salisbury’s proposition, with the first 
2000-kw closed-cycle test plant is not too favorable for the closed- 
cycle system. As explained in the introduction, one must not 
forget that the test plant was meant for other purposes than for 
industrial service and that it is a 10-year-old design. An up-to- 
date new design would naturally give much better values. Apart 
from that, at the present time we do not intend to build plants 
with such small outputs, because in this respect the author 
agrees fully with Mr. Salisbury: We think it would not pay. The 
advantages of the closed cycle are much more pronounced for 
plant ratings, say, above 5000 kw. 

The last detailed questions of Mr. Salisbury can be answered 
as follows: 

Surfaces. Our actual design is based on a total surface, in- 
cluding heater, regenerator, combustion-air heater preheater of 
about 4 to 5sq ft per kw. These figures may change in the future 
with other designs. About 20 per cent relates to the air heater, 20 
per cent to the preheater and coolers, and 60 per cent to the 
regenerator. Naturally, this changes the whole aspect. 

Pressure Drop. The absolute pressure drop depends upon the 
pressure level used; 10 to 15 psi result with a maximum pressure 
of ~800 psi in modern design. The smaller value belongs to the 
air heater of the test plant. 

Circulating Fan. In operation of the test heater, we only 
needed a very small amount of recirculated gas to cool and pro- 
tect the tubes, and the furnace, as a consequence of the layout. 
The secondary air of combustion, led in a suitable way along the 
lower end of the temperature. In new air heaters the construc- 
tion will be somewhat different and a bigger fan will be used. 

Mechanical Losses. As Prof. Quiby pointed out in his report, '5 
these losses were higher than usual because of the special arrange- 
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ment of the machine group and bearings. At least 1.5 per cent 
total efficiency could have been won with other design. The oil 
seals play only a minor role in the mechanical losses. But one 
must not forget that the mechanical losses, as derived from the 


tests also include the internal leakage losses of working air. 
Therefore, an exact figure for the mechanical losses cannot be 
calculated. Naturally, the rather high value is not inherent 
in the closed-cycle system and can be kept normal in other plants. 
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The Influence of Viscosity on Centrifugal- 


Pump Performance 


By ARTHUR T. IPPEN,! CAMBRIDGE, MASS. 


The wide use of centrifugal pumps in the oil industry de- 
mands that their performance characteristics for oil be 
predicted with reasonable assurance. A systematic study 
of performance changes with increasing viscosities had not 
been undertaken so far under controlled laboratory condi- 
tions. For the purpose of undertaking such a study theo- 
retically and experimentally, the Hydraulic Laboratory of 
Lehigh University and the Cameron Pump Division of the 
Ingersoll-Rand Company co-operated in following through 
a comprehensive program of research at Lehigh Univer- 
sity during 1944 and 1945. Over 200 performance tests for 
viscosities up to 10,000 SSU were completed on four vari- 
ants of centrifugal pumps, employing a special test stand 
designed and built under war conditions. 

The influence of viscosity changes on the head, dis- 
charge, and input-power characteristics of the pumps is 
demonstrated graphically and systematically for a wide 
range of viscosities and speeds. The usefulness of a spe- 
cial Reynolds number for pumps is demonstrated and test 
results are correlated on that basis. General conclusions 
are possible as to the influence of various features of de- 
sign, since several pumps of different specific speeds were 
tested. A theoretical analysis establishes definitely the 
variables to be considered and places the discussion for the 
problem on a sound scientific basis, especially with regard 
to disk and ring losses. 


INTRODUCTION 

HE influence of viscosity on the performance of centrifugal 

pumps has not received, up to the present, the systematic 

attention of the pump engineers which this problem de- 
serves in view of the ever-increasing use of the centrifugal pump 
for the transport of viscous liquids. A first pioneer effort, and 
so far the most extensive one, was made by Professor Daugherty 
(1)? about 20 years ago. Various papers (2, 3) have appeared 
since then, but they were never based on more than a relatively 
small number of field tests carried out by various investigators 
with greatly differing pumps. These tests were used to derive 
correction curves for efficiency by extensive extrapolation of the 
test information on hand and must clearly be recognized as a 
temporary means of considering the viscosity influence. 

In recognition of the need of a systematic approach to this 
problem under controlled conditions, the Hydraulic Laboratory 
of Lehigh University and the Ingersoll-Rand Company of Phil- 
lipsburg, New Jersey, entered into a co-operative agreement to 
explore the behavior of centrifugal pumps when pumping oils. A 
special test stand was designed and constructed under wartime 
restrictions and over two hundred performance runs were made 
during 1944-1945 on four variants of centrifugal pumps with 

1 Associate Professor of Hydraulics, Department of Civil and 


Sanitary Engineering, Massachusetts Institute of Technology. 

? Numbers in parentheses refer to the Bibliography at theend of 
the paper. 
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viscosities ranging up to 10,000 SSU. The influence of viscosity 
changes on the head, capacity, and input-power characteristics 
was systematically explored for each variant of pump and for 
several speeds. The usefulness of the Reynolds number for the 
presentation of these characteristics was demonstrated convinc- 
ingly and all results are correlated on that basis. The data pre- 
sented in the diagrams are those obtained in the present investiga- 
tion only. No attempt was made to include information from 
other sources, since it was almost always found lacking in com- 
pleteness. This situation is analogous to that existing for many 
years in the field of pipe friction, until finally the pertinent 
variables were definitely established and a final solution found. 

It is to be hoped that the experiments reported here will bring 
forth many detailed experimental results in complete form from 
the files of various investigators, so that the conclusions drawn 
from this work may be either confirmed or be modified to fit into 
a more general picture. However, it is felt that the paper repre- 
sents the first attempt to analyze the test results on the basis of 
all pertinent variables so that individual influences can be 
isolated more easily. Thus their share in the over-all effect of the 
viscosity on the performance of centrifugal pumps is to be recog- 
nized in relatively true proportions. 

It may be mentioned that the paper had to be severely limited 
in presenting the information on hand. The descriptive part 
on the experiments had to be cut more than may be desirable from 
the viewpoint of clarity in order to include the fundamental re- 
sults of greatest value to the engineer concerned with this prob- 
lem. The same limitations had to be imposed on the theo- 
retical part which covers only those aspects which are most useful 
and characteristic in explaining the results of the experiments as 
stated in graphical form. 


EXPERIMENTAL PART 


GENERAL OUTLINE OF TEST PROGRAM 


The stated purpose of the experimental study was to find, if 
possible, a specific relationship between viscosity on one hand 
and efficiency, head, capacity, and power input on the other hand. 
The results for four different variants of pumps were to be corre- 
lated. The choice of pumps was naturally restricted by the 
power supply of the hydraulic laboratory, by the range of 
the torsion-dynamometer, and by the available storage space 
for the oils used in the tests. 

(a) Specifications of Pumps Tested. Under the circumstances 
the four pumps listed in Table 1 were chosen as most suitable and 
as of widest possible use in the pumping of highly viscous oils. 
All vital dimensions and normal-performance data for water are 
listed in Tables 1 and 2. Pump No. | wasa single-stage, single- 
suction pump which could be fitted with hydraulically identical 
impellers of the closed and open type. This pump was relatively 
small and of low specific speed. The pump No. 2 was a single- 
stage double-suction pump which could be run with impellers of 
different diameter. Thus the specific speed was varied to a 


value of almost 3000 with a small impeller, however, not without 
some sacrifice in efficiency. The experiments covered, conse- 
quently, a range of specific speeds between 1000 and 3000 which 


is the range of most efficient operation for radial-flow pumps. 
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(b) Properties of Liquids Employed. The program of testing 
contemplated originally the use of water and of two oils as 
experimental liquids. For the latter the range of viscosities was 
defined by the range of temperatures seasonably obtainable, i.e., 
from almost normal outside temperature upward to a maximum 
produced by dissipating the power input. No special heating or 
cooling equipment was provided. The variation in the volume 
circulated was sufficient to obtain the desired range of tempera- 
tures and viscosities. Two black oils, giving a medium slope in 
the viscosity-temperature chart, were selected and are referred 
to subsequently as heavy oil (HO) and light oil (LO). A third 
oil was added, however, after the LO-runs were taken, since it 
appeared desirable to bridge the gap between the viscosity of 
water and that of the light oil. 

This so-called thin oil (TO) was produced by mixing the light 
oil with a certain amount of fuel oil. The light oil proved to 
be extremely stable and its viscosity remained constant for al- 
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most half a year of intermittent testing. The thin oil and the 
heavy oil were affected somewhat by the pump testing and fre- 
quent analyses were made to adjust results for changes in vis- 
cosity whenever they exceeded the limits of permissible errors. 
Fig. 1 presents the essential data on viscosities and specific 
gravities for these oils. 

(c) Schedule of Testing Program. The experiments started by 
determining the performance of each impeller of the two pumps 
for water. All impellers were tested as summarized in Table 
2 for three different speeds with the exception of the largest im- 
peller, which was run only for the two lower speeds, since the 
torque for the high speed exceeded the dynamometer capacity. 
The water tests checked very closely the performance of the 
pumps reported from the Ingersoll-Rand laboratory and served 
in addition the purpose of establishing working procedures and of 
finding out about the general performance of the test stand. 
After some minor alterations were completed, the four sets of runs 


TABLE 1 PUMP DIMENSIONS 
Pump| Imp File Type D.|D,| No.of} D D D B D pig 
No. | No. | No. venes| 2 PR 
1 1 IL 11 | Single | 4" 2" ? 2-1/2} 7-1/4] 15/16 1/2 3 7/8 
Closed Suction 
1 2 IL 12 4” en 2-1/2} 7-1/4] 15/16 1/2 3 7/8 2014 
Open 
2 i. IL 21 | Double |8"/| 6" 7 |5=3/16| 8-5/8} 2-1/2 | 1-15/16] 7|1-7/16 | .ore 
Suction 
1B IL 21 | Double |8"] 6" 7 |5-3/16| 8-5/8] 2-1/2 | 1-15/16] 7 | .032 
Clearance 
1c IL 21 | Half er} 7? 1503/26] 8-5/8 | 2-1/2 | 1-15/16] 7 23 014 
Width KY 
Rings 
2 2 IL 22 | Double |8"]| 6" 7 |5-3/16 }11-5/8 | 2-1/2 | 1-7/16 7 1 1-7/16 018 
Suction 


TABLE 2 PUMP PERFORMANCE DATA 


Pump No. Specific Maximum Liquids Tested Approximate 

Speed for Efficiency Speeds in 
Water for Water RPM 

IL 11 1163 75.0 W LO .TO HO 2330 2875 3460 

IL 12 1163 74,0 w WwW TO HO 2350 2875 3460 

IL 21 2622 80.0 w LO T0- HO 1230 1890 2320 

IL 22 1991 85.5 W WL TO HO 1240 1880 

Graphic 

@@ 0 O | CO 


: 
ato’ 
i 


IPPEN—INFLUENCE OF VISCOSITY ON CENTRIFUGAL-PUMP PERFORMANCE 


were repeated for the light oil, covering usually the possible 
range of viscosities on the same day for any one speed. It was 
preferred to change the pumps and impellers rather than the 
liquids, thus avoiding contamination of one oil by the other, 
which would have become appreciable during the course of the 
testing program. The light oil was then cut by the addition of 
fuel oil to a lower viscosity and the four sets of runs were again 
repeated for this so-called thin oil. Finally the heavy oil was 
turned into the lines and the process was repeated a fourth time. 

Thus two pumps with two impellers, as described in Table 1, 
were tested for four different liquids and for three different speeds. 
Six performance runs were taken for each oil in the average, so 
that the total number of tests exceeded 220, 


EXPERIMENTAL EQUIPMENT 


The experimental equipment was largely assembled under the 
restrictions of the wartime economy and therefore contains what- 
ever could be made to serve on the test stand, from the material 
resources of the two co-operating agencies. The result of the 
planning on this basis, however, was adequate in every respect 
for the proper execution of the testing program. 

(a) The general arrangement of the circulating system is 
shown in Fig. 2. Six 750-gallon tanks formed the basie storage 
units for two different oils. A triangular arrangement of three 
tanks each in two stories was decided to be the most compact and 
practical one with respect to piping and housing. When the 
pipes were filled with one oil, two additional tanks contained 
the same oil on two levels with the upper tank in the rear always 
empty and ready to be used as a volumetric-measuring tank. 
The upper tanks could be drained very fast by gravity into the 
lower tanks. The entire system of pipes and tanks may easily be 
analyzed from the isometric views in Fig. 2. The meter calibra- 
tion circuit and the pump testing circuit are shown separately 
and are outlined by heavy lines. All tanks were open, however, 
all pipe ends were submerged considerably below the oil level, so 
that entrained air never posed any problem. 

All the circulating was done by the test pumps driven by means 
of a torsion dynamometer, as illustrated in Figs. 3 and 4. The 
driving arrangement of the dynamometer was a system of pulleys 
and a 65-horsepower induction motor, which was powered from a 
special transformer set with 3-phase, 60-cycle, 220-volt alternat- 
ing current. Automatic voltage regulation was provided in the 
4400-volt main feeder line of the University, so that serious speed 
variations were never encountered during tests. 

(b) Measuring Equipment. Pump discharges had to be 
metered over a wide range and three liquid meters shown in Fig. 5 
were installed, therefore, in separate lines of 8 in., 6 in. and 4 in. 
diameter. Orifice meters were used for the 8 in. and 6 in. lines 
and a 4 X 2 in. Venturi happened to be available for the 4 in. 
line. The meter approaches were at least twenty-two diameters 
in length and the valves in the approach lines were only used in 
wide-open or completely closed position. The operation of the 
meters therefore was satisfactory at all times. All discharge 
regulation was done by means of valves at the end of the circuit, 
so that the entire system was normally under positive pressure. 
The orifice meter of 4.92 in. orifice diameter in the 8-in. line was 
used almost exclusively for the large pump and the 4 X 2-in. 
Venturi meter was adequate for the small pump, so that the 6 x 
3.60-in. orifice was rarely used. The orifice plates were made of 
*/s-in. brass plates with a square edge of '/). in. and a downstream 
bevel of 45 deg. The pressure connections were located one pipe 
diameter upstream and one-half pipe diameter downstream. 

The temperatures of the liquids were checked at three points 
by means of standard thermowells and dial-type indicating ther- 
mometers. The latter were mercury-actuated and furnished 
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with temperature-compensated capillary tubes. Readings to 
the nearest half degree Fahrenheit were deemed sufficient. The 
first well was located in the suction line of the pump about 4 ft 
upstream, the second was in the manifold immediately below the 
discharge line connection, and the third recorded the temperature 
of the liquid below the meters. 

For visual checks, on the discharge and suction pressures, two 
Bourdon-type gages were included on the instrument board 
shown in Fig. 6; however, all discharge and suction heads used 
in the analysis were obtained from mercury-water manometers. 
The mereury manometer connected to the discharge side consisted 
of two differential gages connected in series, each of 6 ft length. 
A range of 50 psi could thus be covered without a balancing 
pressure. If the low pressure end of the manometer was placed 
under a 25 or 50-psi counterpressure, the range was extended to 
100 psi. In the end the mercury gages arranged so as to re- 
quire a minimum of corrections, saved considerable time since 
calibrations were unnecessary. The oil in the connecting lines 
was prevented from entering the water-mercury gages by 
means of large pots filled with oil in the upper half and water in 
the lower. The oil-water level in the pots was observed by 
means of glass gages and was checked and adjusted before every 
run. The same arrangement was used for the differential ma- 
nometer connected to the liquid meters. Due to the relatively 
small differences in specific gravity of the oil and water, small 
changes of the oil-water level in the separating pots will not 
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affect the readings. The speed was measured with a Chrono- 
Tachometer and with a revolution counter electrically operated 
for 1/1-minute intervals. It was read for every test point and 
comparisons were made with a Hassler Tachometer with results 
well within the precision of either instrument. The tachometer 
and revolution counter are connected to a synchronous motor 
powered from a generator mounted on the pump shaft. 


EXPERIMENTAL PROCEDURES 


(a) Calibrations of Measuring Equipment. All the instruments 
used were subjected to several calibrations during the experi- 
mental period. The mercury gages of course do not need 
special calibration, except that the Bourdon gage tester was 
checked against the mercury columns. All connecting lines 
were freed of air and particularly the discharge gage was 
checked before and after each run for air, by the use of a special 
water-air manometer, the latter indicating easily any errors of 
0.01 ft of water column. Balance was always required within 
this limit and was always obtained. 

The dynamometer bars were calibrated by careful static load 
tests and showed a constant torque per unit deflection over the 
entire range. Naturally the percentage of error of the reading 
for any run was dependent upon the torque range covered for 
any particular pump and speed. 

The speed measurements were checked against simultaneous 
measurements taken with other tachometers and were found to be 


Line DIAGRAM OF CIRCULATING SYSTEM 


consistent within one fifth of one per cent, which was within the 
required limits. 

The temperatures indicated by the dial thermometers were 
verified by the use of a mercury thermometer certified by the 
Bureau of Standards. The readings were also checked during 
runs by mercury thermometers in adjacent thermowells, which 
had been compared to the standard thermometers. Sticking of 
the dial hands was prevented by lightly tapping the glass cover. 

The main problem in ascertaining the fundamental quantities 
for the performance of the pumps was encountered with the 
liquid meters. While the circulating system for calibrating pur- 
poses is indicated in Fig. 2, some of the phases of the calibrating 
runs merit mentioning. Noticeable temperature differences in 
the oil circulated had to be avoided. Therefore the oil was 
normally discharged from the line into the upper storage tank and 
from here by gravity back into the lower tank. The flow was 
then gradually switched over to the swing spout, thus taking the 
oil in the upper storage tank out of circulation. As soon as 
steady-flow conditions were established again through the meter, 
the flow was deflected into the measuring tank, while a constant 
level was maintained in the lower storage tank by admitting oil 
from the upper storage tank. This procedure naturally required 
considerable practice but worked out very satisfactorily. The 
results of the meter calibrations are given in Fig. 7 and are 
stated in a form which deviates somewhat from the orthodox way. 
The discharge coefficient Cp for the 4 X 2-in. Venturi meter is 
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plotted against the Reynolds number for the 4-in-diameter pipe 
Similarly the results for 
the 8 X 4.92-in. orifice meter are given in terms of a correction 


divided by the discharge coefficient 


coefficient for viscosity A,, plotted against the pipe Reynolds 
number for the 8-in. pipe divided by the discharge coefficient. 
This latter quantity can be calculated directly from the differ- 
ential-manometer readings and the correction coefficient K,, is 
thus obtained without trial and error. 
for water Cp, as introduced, is equal to 0.6185. 


The discharge coefficient 
The Venturi 
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meter curve is compared to the curve given in the Fluid Meter 
Report of the A.S.M.E. and is seen to lie considerably below this 
It is shown extending down to an experimental value of 
Cp = 0.50. The orifice curve is compared to Johanson’s curve 
for a similar orifice in a 1l-in-diameter glass tube and shows 
remarkable agreement. It may even be argued that the dis- 
crepancy is due to the slight difference in the orifice - pipe diame- 
ter ratio, which was 0.615 here, while Johanson’s curve holds 
for 0.595. 


curve, 
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(b) Typical Performance Tests. Most operational difficulties 
were discovered and ironed out by running first a full series of 
experiments with water. Only minor improvements, however, 
were necessary, and definite procedures for the oil runs were 
formulated. The dimensionless performance curves shown in Fig. 
8 are those obtained for the medium-specific-speed impeller IL 
22 and they are typical of the range covered by individual tests. 
The almost complete absence of viscous effects for the normal 
range of operation with water was indicated by all water runs, 
proving, if it be necessary indeed, that the Reynolds numbers 
normally encountered with water are in the so-called ‘“rough- 
flow’ zone. 

All performance runs with oil were carried out by recording all 
pertinent instrument readings photographically by means of a 35- 
mm Kodak camera. Thus readings for individual points were 
taken speedily and simultaneously for permanent reference. 
Runs of ten to fifteen test points were normally completed within 
ten minutes, which fact considerably diminished the increase in 
temperature during any run. Upon termination of one run the 
pump was operated near normal discharge and was run continu- 
ously, until the dissipation of power had resulted in bringing the 
temperature to the desired higher value. The experimental pro- 
cedure was then repeated. The temperature of the oil could be 
varied for any of the higher speeds from about 70 to 125 deg by 
continuous running within one day. Thus five to eight perform- 
ance runs were obtained within a four- to eight-hour period. 
Shutoff conditions were usually tested by closing down fairly fast 
from a large discharge, thus retaining a fairly normal temperature 
of the oil churned in the pump. At best, however, the shutoff 
points are only approximate, especially for the higher viscosities. 

The temperature changes in the oil could be controlled by ad- 
justing the volume of oil in circulation. If the temperature rise 
was too fast the entire volume of oil could be utilized by circulat- 
ing through upper and lower storage tanks. A differential tem- 
perature between upper and lower tank also permitted to arrest 
the rise in temperature during any run after some practice. 
Small increases in temperature were permitted, say 2 to 3 deg F, 
and their influence was determined by taking additional points 
immediately after each run over the same range. Corrections to 
a constant temperature and hence to a constant viscosity could 
be made therefore in the analysis. However, usually such 
corrections were too small to influence the maximum efficiency in 
location,and magnitude. 


ANALYsIsS OF Test RESULTS 

(a) Computation Procedures. As pointed out before, all data 
necessary for the performance calculations are contained on a 35- 
mm film strip which could be projected, point by point, on a 
screen made of tracing cloth. The readings were taken down by 
an observer behind the screen. The gages showed throughout 
the experiments very steady readings; fluctuations were largely 
eliminated by the viseous action of the oil in the connecting lines 
and by symmetrical constrictions in the mercury-manometer 
blocks. Two exposures were taken for every point, in order to 
discover changes in readings and to insure that all the informa- 
tion could be read clearly. If poor test points were discovered 
later in plotting the results, they were invariably traced to 
faulty readings from the film and were easily corrected by check- 
ing. The value of preserving thus on film the original measure- 
ments cannot be overemphasized, especially when insufficiently 
trained personnel must be entrusted with a major portion of the 
computing work. 

The entire calculation procedure involving a great many steps 
was carefully worked out, so that a standard routine could be 
followed throughout and the evaluation of data from the film to 
the final performance graph could largely be left to personnel 
without technical training. Viscosities and specific gravities, 
velocity-head corrections, and discharge coefficients were read 
from graphs plotted to simple linear scales. 

Since the discharge manometer iri many runs indicated very 
small differences due to the exclusive use of the 8 X 4.92-in. 
orifice meter, these readings were also read directly, which upon 
comparison with the readings obtained from the film showed very 
good agreement. It was found practical then to take down also 
the speed and the torque readings during the run so that some 
calculations could be started immediately after the runs were 
taken, before the films were developed. 

Pressure readings were not corrected for pipe friction losses 
between pump flange and piezometer connections. This refine- 
ment would have introduced additional computing work to an 
extent unjustified by its merits, the pressure connections in each 
case being located only one pipe diameter from the flanges. It is 


natural also that the percentage error in the over-all efficiency be- 
comes greater for higher viscosities, so that the foregoing correc- 
tion stays usually within the permissible margin. It may be stated 
that the accuracy of the results is referred to the efficiency loss 
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(100 — e) rather than to the efficiency (e) itself and that it is kept 
to +1 per cent in the average for (100 — e). 

(b) Performance Characteristics. Complete performance char- 
acteristics were plotted for all runs taken and discrepancies were 
therefore easily discovered. The influence of accidental errors is 
thereby minimized. Curves for successive runs were compared 
according to the order of their viscosities. These performance 
curves available for every run should yield upon further analysis 
additional experimental information concerning relative distribu- 
tion of disk and ring losses, and on the operation near shutoff as 
well as at capacities larger and smaller than normal. The results 
presented in the following pages therefore touch only upon one 
phase of the problem under discussion, since maximum efficiency 
and normal capacities, head, and inputs are the only quantities 
considered at present in order to limit the scope of this paper. 


ANALYTICAL PART 
or Viscous Losses IN CENTRIFUGAL PUMPs 

(a) Hydraulic Losses. The so-called “hydraulic losses’ in 
centrifugal pumps have been rather loosely defined in the past, 
since the thinking was predominantly influenced by the perform- 
ance of pumps with thin fluids. With more 
term “hydraulic losses” is here more definitely applied to the so- 
called “through-flow” losses, which are directly the result of skin 
friction and eddy systems along the primary path of the fluid 
passing through the pump. _ It is of course not possible to analyze 
these losses separately, since they depend on a considerable 
number of geometric variables, which may be briefly stated as 
follows: 


viscous fluids the 


1 Suction-pipe dimensions and shape of inlet which deter- 
mine the state of flow at the entrance. 

2 Design of pump inlet, eye diameter 6r its equivalent. 

3 Shape, length, curvatures of impeller passages, contraction 
or expansion of cross sections. 

4 Dimensions of volute, design of spiral, and diffuser. 

It follows that in general the flow is nonuniform and that there- 
fore pipe friction factors are not very useful here except in a very 
general way. ‘In addition the curvatures encountered make any 
approach on the basis of boundary-layer theory impossible. A 
few general statements may be in order, however, in view of the 
conditions stated. 

1 Every pump follows its own law of hydraulic resistance. 
Only the total losses can be determined experimentally, since 
they are interdependent. 

2 Theories of individual losses will at best give only a very 
approximate quantitative explanation of the pump behavior. 
This may be extremely valuable, however, for the designer. 

3. The relative weight of the losses will shift as a function of 
the specific speed and of Reynolds number. While skin-friction 
losses similar to pipe flow may predominate at low specific speeds, 
“‘body-resistance”’ losses will come to the fore with a change from 
radial to mixed and more or less axial flow for higher specific speed. 
In other words, since losses depend to a considerable extent on 
approach conditions, the character of the flow through the pump 
is more and more determined by the state of flow in the approach 
to the pump when higher specific speeds are reached. The rela- 
tive length of the pump passages decreases with increasing 
specific speeds. 

On the basis of these remarks, experimental results are indeed 
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approached with hesitation. In retrospect it seems remarkable 
that the multitude of possible losses and geometric dissimilarities 
nevertheless produces statistical averages with a relatively nar- 
row zone of deviations, as long as ring and disk friction losses re- 
main comparable for the various pumps. 

Energy losses for flows of a complex nature are customarily ex- 
pressed in terms of velocity head of the mean flow. Choosing 
relative velocity at impeller exit as a suitable one, the difference 
between the head produced for water and the head for oil can be 
written as 


H, = (H,, — Ho) = Cr: 


or dividing both sides by Ho 


] 
Ho Hy 29: a2? 


wherein Cz is a function of Reynolds number, pump-design, and 
of roughness. Since Qo’?/Ho was found practically constant for 
a wide range of Reynolds numbers, Cr can be obtained, if the 
water performance is known, from the plot of Ho/H,, against 
Reynolds number. 

The question of a suitable Reynolds number was naturally the 
subject of considerable analytic experimentation. Eventually 
no particular advantage was found in any one as compared to 
another. However, the four fundamental forms stated below 
were calculated for all test points. 


Vid (2b | 

Rp = = = [2d] 


Rp and Ry differ essentially by the factor ¢ = w/W2gH,. 
Since ¢ very seldom differs greatly from unity, the reason for the 
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small differences found in plotting the results against both is 
readily apparent. A small change in Reynolds number has little 
effect on the efficiency loss, while the differences due to pump 
design are more pronounced. The relatively best agreement be- 
tween results for various pumps, especially for low Reynolds num- 
bers, was obtained by using /’s, in which the equivalent or actual 
eye diameter of the impeller d;, was introduced as the characteristic 
length. For practical reasons Rp was chosen, since it is most 
readily calculated from known quantities. In addition disk and 
ring friction losses are most easily expressed as a function of Rp. 
It offers, therefore, the most systematic approach toward separa- 
tion of the afore-mentioned losses from the so-called ‘“through- 
flow”’ losses. 

(b) Disk Friction. The problem of friction losses due to the 
rotation of a circular disk in a fluid has received the attention of 
investigators in theory and by experiments. A comprehensive 
view of this problem, however, has been lacking and thus the fact 
remained obscured that the theoretical and experimental findings 
of the various investigators show considerable agreement, if the 
various phases of the problem are systematically related. Fig. 9 
illustrates the basis on which the subsequent treatment rests. 
Two papers (6, 7) attack the following problems. 

1 The disk rotating in an infinite space, filled with fluid. 

2 The disk rotating in a housing of approximately equal 
diameter and with small clearances between disk and housing. 

Case 1. Von Karman (6) dealt with problem 1 and established 
that the resistance mechanism depends entirely on the formation 
of a boundary layer adjacent to the surfaces of the disk, within 
which the tangential velocity of the fluid increases from zero to 
The theoretical velocity distribution within this boundary- 
layer is given by Fig. 10 for the laminar case. This layer func- 
tions like the impeller of a pump. Since the pressure on the periph- 
ery of the disk is atmospheric, a radial flow qp results into the 
surrounding fluid at rest with an angular momentum w2-72 per 
unit of mass. On this basis von Karman established the basic 
equations summarized below for laminar and turbulent flow. 
It is to be noted at this point that all kinetic energy imparted to 
the fluid by disk action is dissipated in the surrounding space. 
In general the torque to be applied is defined for one side of the 


disk by 


wr, 


2 
29 


(a) In the case of laminar flow, which is of particular interest 
here, the boundary-layer thickness is given by 
2.58 


and the discharge of the disk by 
qo = 
The so-called coefficient of friction becomes 
1.84 


VRp 


(b) For turbulent flow and a “smooth’’ disk, one for which all 
roughness irregularities remain submerged in the laminar sub- 
layer, the boundary-layer thickness is 

6 0.462 
r Rp’ 
on the basis of the seventh-root law for the velocity distribution. 
The so-called friction coefficient becomes 


[4] 


[5] 
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Equations [5] and [7] are plotted as lines A and B in Fig. 11. 
The application to “rough” disks has not been carried through, 
but it is obvious that the treatment is analogous to the friction 
problem for flat plates and will give an expression involving the 
ratio €/6, wherein e stands for absolute roughness. The scattering 
of experimental results obtained by different experimenters for 
large Reynolds numbers Fp is probably due to variations in €/6. 
This case, however, is of little importance for the problem here. 

Case 2. The second case defined before was treated experi- 
mentally and theoretically by Schultz-Grunow (7) and was essen- 
tially confirmed by the excellent experiments of Zumbusch as 
quoted in the same paper, the results of which are represented by 
line EF in Fig. 11. The basie assumptions for this case should be 
clearly kept in mind for the later discussion of the differences in 
von Kéarméan’s and Schultz-Grunow’s results. The cylindrical 
wall surrounding the disk is assumed nearly equal in diameter to 
the disk and is short enough axially so that friction losses on the 
periphery may be disregarded. Thus the fluid is confined to 
the space between disk and housing and the angular momentum 
imparted by the disk is no longer lost to the surrounding fluid. 
Since the circular housing plates must exert a torque equal and 
opposite to the torque applied to the disk, it follows that the fluid 
confined to the space between them must revolve with one half 
of the angular velocity of the disk, so that equal frictional shears 
may be developed on disk and circular housing plate. This fact 
also is confirmed by experiments and is a common assumption. 

Schultz-Grunow obtained for the one-sided disk for 

(a) Laminar flow 


: 2.37 [8] 
= 2.1/ — . [8] 
r VRp 
1.334 
VRp 
(b) Turbulent flow 
0.0311 
Cp = [10] 
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These results are given as lines C and D, in Fig. 11. 

Case 3. A more general approach to the disk-friction problem 
becomes now possible as a result of the work discussed as Cases 
1 and 2. Using von Karman’s expressions, a general equation 
can be written for the frictional torque for a differential angular 
velocity (wp — w). w now denotes the angular velocity of 
the confined fluid, while wp represents the angular velocity of the 
disk. The results of this analysis may be reserved for a future 
paper, since space is lacking at this time. However, it is inter- 
esting to see the results of this analysis for the special case of 
w/wp = '/o. Introducing the latter ratio, the corresponding 
values of Cp are for 
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(a) Laminar flow 


1.300 
{11] 
¢b) Turbulent flow 
0.0418 
[12] 


with corresponding lines C and D, in Fig. 11. It is seen that 
von Ka&rmian’s equations applied properly check Schultz-Grunow’s 
results extremely well for laminar flow. For turbulent flow the 
agreement is not as good, but Equation [12] checks the experi- 
mental evidence better than Equation [10], since values for the 
numerical constant obtained experimentally increase from 0.037 
to 0.040 with higher Reynolds numbers. The experimental result 
permits another interesting conclusion, namely, the influence of 
friction on the cylindrical housing is increasing relative to the 
circular wall friction, since the boundary-layer thickness 6 de- 
creases with increasing Reynolds numbers, while the clearance 
between disk and housing, Sp, is constant. In other words, w 
decreases in terms of wp. 

The general conclusions for the influence of disk friction on 
pump performance especially for viscous fluids are therefore as 
follows. Theoretically the case discussed by von Karman (see 
Case 1) represents the maximum disk friction which requires 
w= 0orw =wp. Neither condition exists normally in pumps. 
The conditions generally met in pumps are discussed as Case 3, 


w 
with w21/2:wp. Thespecial case — = !/; givesa theoretical mini- 
wD 


mum disk friction. A further more extensive discussion must 
be delayed at present. 

Case 4. Special Case of Small Clearances Sp. A clearance is 
said to be small here, if radial velocities become zero and if the 
tangential-velocity gradient becomes constant across the axial 
clearance Sp. An elementary analysis gives 


Comparing this expression with Equations [11] and [4] as 
modified for the case of — = /: so that 
wD 


5 3.65 (14) 
the following relation between Sp and 6 is derived 
r 2r 


This equation represents the intersections of the Cp vs. Rp lines in 
Fig. 11, where the laws of resistance change from Equation [11] 
to Equation [13]. The influence of the boundary layer dis- 
appears therefore as soon as the total boundary-layer thickness 
(25) is of the order of magnitude of the clearance Sp. The 
transition is naturally a gradual one. The factor 1.50 instead of 
unity is explained by the velocity distribution in the boundary 
layer and by the fact that the law for small clearances takes full 
effect only after the gradient of the velocity has become uniform 
throughout the width Sp. Necessary minimum clearances for 
pumps lifting viscous liquids can be calculated from [14] and [15] 
to avoid excessive disk friction. Of course the length 6 need not 
enter at all, once its physical significance is recognized and one 
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may write directly the expression for the minimum clearance Sp 
in terms of a limiting Reynolds number RF p, 


d, \? 


below which the disk friction would be unnecessarily large. 
While [15] and [16] have been obtained on the basis of w/wp = 
1/>, they do not necessarily depend seriously on this exact value, 
since the total thickness of the boundary layers remains fairly 
constant for w/wp=!/_. A decrease of 6 near the rotating disk will 
be compensated by an increase of 5’ near the circular housing 
plate and vice versa. 

(c) Ring Losses. Considering losses due to the wearing rings 
it is clear that the discussion must be concerned with two different 
types of losses: 


1 Leakage of fluid through the annular space due to the 
pressure difference between entrance and exit section. 


2 Torque losses due to the tangential shear developed by the 
rotation of the pump ring within the stationary housing ring. 

The attention of the pump designer has been focused mainly 
on the leakage losses, since thin liquids wil! readily pass in 
quantity even through small clearances and since the torque 
losses for such liquids remain small. It is clear that the general 
thinking must be revised as soon as the pumps are used to lift 
viscous fluids, which are 10 to 2000 times more viscous than 
water. 

After a careful scrutiny of all information on hand (9, 10, 11, 
12), considerable analytical work, which cannot be included 
here, established the following points: 


(a) Leakage is not affected by rotation, as long as turbulent 
flow in the clearance space persists. 

(b) Leakage will be affected by rotation whenever rotation 
changes the state of flow from laminar to turbulent in the ring- 
space. 


(c) In pumping oils the leakage flow is usually laminar and is 
reduced very fast to an insignificant quantity. /Temperature 
gradients along its path, however, prevent ready calculation of its 
magnitude. Volumetric efficiency is approaching unity. 


(d) The torque losses due to the tangential shear developed are 
increasing considerably in magnitude and greatly affect the over- 
all efficiency. 

(e) Reduction in leakage and increasing torque losses influence 
the running temperature of the pump and therefore the over-all 
efficiency. 

Points (c) to (e) deserve further discussion. It is clear that re- 
duction in leakage concentrates the dissipation of increasing torque 
losses within a smaller and smaller volume of liquid. Considera- 
ble heating must therefore be expected, which is fortunate in- 
deed, since otherwise the viscous torque would very soon become 
excessive. As it is, the oil entering the ring space is absorbing 
the torque losses and is heated up with consequent reduction in 
viscosity, which in turn reduces the viscous shear and increases 
somewhat the leakage. A considerable temperature-gradient 
exists along the axial length of the ring. Naturally the problem 
is a rather difficult one, since the increase in temperature depends 
on the flow of heat from the ring surfaces, the exchange of heat 
from the rings to the oil leaking through, and on the temperature- 
viscosity function of the oil itself. However, some analytical 
solution is possible on the basis of adiabatic flow, which furnishes 
at least a rather useful qualitative explanation of the phenomena 
encountered in the analysis of the pump test results. The results 
of this solution show that differences in efficiency must be ob- 
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The horsepower loss BHP due to the tangential shear for one 
ring is given by the equation 


3200 “So br al ( N y 
Sr dy 1000 


Phis equation is easily derived by assuming a constant viscosity 
except for the dimensionless factor —. The latter is a function of 
the temperature gradient along the ring length br, of the tem- 
perature-viscosity relation for the oil and of the ring dimensions. 
This factor & is therefore responsible for the breakdown of hy- 
draulic similarity, in so far as the ring flow is concerned, since 
obviously a constant & would result in a continuous curve for 
BHPras a function of Rp. Using the analytical and numerical 
results obtained for & the ratios BHPR/So:-BHP, have been 
plotted for three speeds against Rp for pump IL 21. The latter 
shows the effect of ring friction most clearly. It may be stated 
again that these analytical results should be judged as qualitative 
rather than quantitative, until more evidence becomes available. 
The plot, however, brings out clearly that the shift in power and 
efficiency-loss curves found in Figs. 14 to 16 for the various speeds 
is at least partly due to ring losses. 

It can further be shown that increasing the ring clearance or 
shortening of the axial length of the rings does not have a corre- 
sponding effect on the power losses. This has also been proved by 
a few experiments, which, however, are not sufficiently complete 
to allow general conclusions at this time. The reasons for this be- 
havior are probably that both measures produce increased leak- 
age, thereby increased cooling and correspondingly higher tan- 
gential shear. 

(d) Miscellaneous Losses. The only losses not discussed so far 
are stuffing-box losses and bearing losses. The latter are not 
affected by the type of liquid pumped and little need be said 
about them here. The stuffing-box losses are of the same type as 
the ring losses; their variation with the Reynolds number for any 
given pump will accentuate the tendency toward dissimilarity of 
hydraulic behavior, produced by the influence of the ring losses. 


BHP = (17) 


perimental data were plotted in the customary way, i.e., per- 
formance curves showing input horsepower, head, and efficiency 
were plotted against discharge from complete shutoff to the 
maximum flow, which was always larger than the normal flow. 
All analysis work started from these basic curves, of which there 
are more than 220 covering a range of viscosities from that for 
water to 10,000SSU. The analysis as carried out in the following 
is only concerned with the effect of viscosity on the so-called 
“normal performance points’’ of the pump, i.e., on the maximum 
efficiency. The influence of the viscosity on the shape of the 
performance curves may give considerable insight into the rela- 
tive distribution of the various losses. Time at present did not 
permit, however, any further exploitation of these results, which 
must be reserved for a future date. In the following are given 
the methods which were followed to obtain systematically the 
variation of maximum efficiency, head, and input-horsepower 
with increasing viscosities: 

1 The first approach considered the normal discharge for 
water as a constant also for the oil runs. Corresponding effi- 
ciencies and heads were obtained from the oil-performiance curves 
and dimensionless correction curves were plotted as a function of 
Reynolds number. This was feasible only for lower viscosities 
and seemed to provide a good basis for comparison with water 
runs since all average velocities remain the same for water and oil 
runs. Thus the influence of viscosity is shown immediately and 
clearly. Increasing viscosity causes changes in the velocity 
distributions everywhere in the pump, which tend to become 
more and more nonuniform. Thus the kinetic-energy content 
of the flow must increase at the expense of the potential energy 
and, in addition, friction losses also grow rapidly for lower Reyn- 
olds numbers. The conversion of the kinetic energy to poten- 
tial energy is naturally accompanied by higher losses. The size 
of the volute may not favor the same efficiency of conversion as 
for water. Furthermore, the velocity-head corrections are calcu- 


lated on the basis of average velocities rather than on the basis of 
true kinetic-energy contents. A large decrease in head is there- 
fore noted together with the lowering of the efficiency. Since 
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the efficiency on the basis of constant Qo departs markedly from 
the maximum or peak efficiency for higher viscosities, the method 
proved very soon impractical, as can be seen from Fig. 13, and was 
therefore given up. 

2 At times it has been suggested to assume a constant 
head, regardless of viscosity. This gives normal capacities which 
are very soon much lower than the one corresponding to maximum 
efficiency as can easily be verified on Fig. 13. However, for 
viscosities up to 100 SSU either method may be used without 
introducing large errors. 


3 It was found that if the ratio (Qo/ V Hi) was assumed 
to remain constant as calculated from the water performance, 
a parabola could be plotted, which would intersect the head- 
discharge curves at the point of maximum efficiency, as 
shown in Fig. 13. This proved to be especially helpful in view 
of the fact that for lower viscosities it is impossible to decide by 
inspection only on a point of maximum efficiency and correspond- 
ing normal discharge, head, and power. This method was used 
therefore in plotting the information presented in the following 
graphs, which represent the essential results of the study for easy 
reference. These graphs give the complete Reynolds number 
characteristics for the practical range of operation for all four 
pump variants. 
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ExampLes oF Hgeap-CapaciTy AND CURVES FOR VARIOUS PUMPS AND VISCOSITIES 


(b) Influence of Viscosity on Performance. 


1 Normal Head and Capacity. A few general remarks are in 
order to explain Figs. 14and 15, All heads and horsepower inputs 
are given in terms of their corresponding water equivalents and 
are plotted against Rp. The efficiency loss (100 — e)/100 was 
plotted in preference to the efficiency, since logarithmic scales are 
used, so that accidental errors are shown in correct proportion. 
All curves show the water performance points on the right-hand 
side in black with special marks to identify the different speeds. 
The points for thin oil are white, followed by light oil points in 
black, and finally the points for heavy oil are white again. This 
identification by liquids proved desirable, since differences in per- 
formance were discovered as the liquid was changed, even 
though the Reynolds numbers remained of the same order of 
magnitude. The explanation for these differences is given later 
with the reasoning relative to the shift of curves with speed. The 
general trend of the curves is self-explanatory with decreasing 
heads and with increasing power input and efficiency losses as the 
Reynolds number decreases. The striking influence of the disk- 
friction losses becomes apparent by comparing Fig. 11 with Figs. 
14and 15. The steep rise in efficiency losses is directly traceable 
to the change from turbulent to laminar disk-friction losses. A 
special curve for reduction in capacity was found unnecessary 
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since the discharge Qo can be obtained from Ho on the basis of 
Qo = K°V Hy wherein K = Q,/WH,,. The latter relationship 
was found to hold true for Reynolds numbers Fp as low as 3000 to 
4000. 
rapidly, the head-capacity curves became very steep and the 
points of maximum efficiency had to be picked by inspection. 


Below these values of Rp» the capacity decreased more 


This, of course, results in greater scattering of the points, since at 
A slight 
shift in the capacity may produce an extremely large change in 
the head. However, it is felt that the lower limit of Rp = 4000 
will terminate almost any range that might come up in actual 
practice. 

2 Input Power. 
tion factor by which the water horsepower input (BH P,,), as cor- 
rected for specific gravity, is to be multiplied to get the horsepower 
input for oil (BHP»). These curves indicate a rather large in- 
crease in the latter for Reynolds numbers, for which the head and 
capacity corrections are almost insignificant. This would be fur- 
ther proof of the contention that the decrease in efficiency and the 
increase in power input for Reynolds numbers near the 100,000 
mark is mainly due to the disk and ring friction. It should also be 
noted that pumps IL 11 and IL 22 show the largest increase here, 
while IL 21 with a small impeller but relatively large rings and 
IL 12 with an open impeller show smaller values. The rise in 
input horsepower for lower values of Pp is more or less linear in a 
log-log plot, corresponding to the change with Reynolds number 
of all hydraulic losses including disk and ring friction. For 
all pumps, differences in power input are found for constant 
Reynolds numbers as a function of speed. This may be explained 
in part by the effect of ring and stuffing-box friction as outlined in 
a previous section. The running temperature for higher speeds 
increases, this in turn causes a reduction of the shearing stresses, 
and thereby a reduction also in the percentage of ring losses in 
terms of total power input. The larger the power output for a 
given pump, the smaller will be the ring losses in per cent of in- 
put power for the same Reynolds number. 

It is obvious then that these differences should be most con- 
spicuous for pump IL 21 where the output was very small and 
that the difference between low and medium speed for pump IL 22 
is much less, since the impeller of the latter was 35 per cent 
larger in diameter for the same inlet and ring dimensions. It is 
clear, furthermore, that the results for pump IL 11 will show the 
influence under discussion even less, since the rings here are very 
small in proportion to the impeller and therefore have but little 
effect. on the total losses. The stuffing-box losses will accentuate 
the phenomenon, since IL 21 and IL 22 are double-suction pumps, 
while IL 11 is of the single-suction type. The disk-friction 
losses in contrast to the ring-friction losses will in general be 
larger for low-specific-speed pumps. They will therefore affect 
the performance of IL 11 most of all and will have a minimum 
effect on the behavior of IL 21. This, of course, was one of the 
reasons for selecting these pumps. It should also be mentioned 
that the curves for power input correction and efficiency loss for 
the low speed are probably not of practical value, since such 
speeds are seldom employed. They were included in these tests 
mainly to bring out the effect of speed and in order to increase the 
range of Reynolds number for each oil. 

3 Maximum Over-All Efficiency. The tendencies of the head 
and input-power correction curves are essentially reflected in the 
plot of the ratios (100 — e)/100 against Reynolds number. 
These curves will show all the discontinuities encountered with 
each of the other types to a somewhat larger scale. The question 
may be asked, why the efficiency loss was not given as a fraction 
of the efficiency loss for water. The argument against the latter 


the same time the general accuracy becomes lower. 


The input power curves represent a correc- 


method would be that the efficiency loss itself represents already, 
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to a certain extent, a dimensionless factor of resistance for a given 
type of pump, similar to the pipe friction factor (f) for a given pipe 
with relative roughness (e/d)5. Just as it would be unwise to 
divide all pipe-friction factors by the special values of (f) obtained 
for various values of e/d, so nothing could be gained by dividing 
all efficiency losses by the water efficiency. Since all efficiency 
losses remain constant with respect to Reynolds number in the 
range of water or air performance, while Reynolds number deter- 
mines the behavior for more viscous liquids, the analogy to pipe- 
friction phenomena is close. The relative roughness of the pipe 
would find its counterpart in a specific speed modified to include a 
relative-roughness parameter. However, such an undertaking 
must be postponed until such time when more experimental 
material, systematically sifted and co-ordinated, is available. 
The efficiency-loss curves for low Reynolds numbers show a re- 
versal of the trend at which the losses increase. It was pointed 
out before that below Reynolds numbers of Rp = 3000 to 4000 the 
capacity decreases at a much faster rate than above those values. 
A special capacity correction curve should have been added, 
which, however, was not believed necessary in view of its negligi- 
ble practical significance and of the somewhat uncertain evidence 
which permits a wide interpretation, as can easily be seen in Fig. 
13. If wanted, it can of course be calculated from the other 
curves. 

There is, however, an interesting explanation for the lower rate 
of increase of the efficiency losses, which takes into account the 
heat exchange in the pumps. If no heat were developed by ring, 
stuffing-box, and disk friction, the efficiency would reach in- 
significant values very fast. As it is, the heat developed when 
heavy oils are pumped, will slow down this development con- 
siderably. As the capacity decreases the cooling of the pump 
body decreases, so that the efficiency-loss curve will approach a 
value of unity only for very small Reynolds numbers. The 
ultimate performance will be such that oil can be pumped only as 
it is warmed up by the dissipation of almost the entire power in- 
put into heat. The fact that this tendency became apparent in 
the curves also points to the limits of the practical use to which 
centrifugal pumps may be gainfully employed in pumping viscous 
liquids. 

Because it was desired to show the application of a different 
Reynolds number, the results for pumps IL 11 and IL 22 have 
been plotted against Rg = (283.7-Qo/d;,-v-105). This, as is 
shown in Fig. 16, results in changing the order of magnitude of the 
Reynolds number by a factor of ten and since Qo» will decrease 
somewhat with Reynolds number, the curves will be stretched 
over a wider range. But essentially nothing new is gained from 
this plot and the difficulty of having an unknown quantity Qo in 
the expression for Rs makes its usefulness quite doubtful. 


GENERAL CONCLUSIONS 
GENERAL REYNOLDS NUMBER CHARACTERISTICS 


The results of the experimental and analytical work described 
so far show clearly that resistance of a centrifugal pump can be 
represented by distinct curves plotted against Reynolds number 
Rp = 2620(Nd,?/y-105). Three curves are normally required 
to describe the behavior as a function of Reynolds number Rp: 


1 Ratio of ‘normal head for oil Ho to the normal head for 
water: Ho/Hy 
2 Ratio of normal power input for oil BHP,» to the normal 
_ power input for water corrected for specific gravity: 
BHP,/(s-BHPy). 
3 The efficiency e or better the efficiency loss (100 — e). 
The capacity correction for the practical range of operation 


Q./Qwis equal to the square root of the head correction: V H,/H,y. 
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In order to facilitate the conversion from the conventional 
SSU units for the viscosity to »y- 105 in square feet per second as 
used for the computing of Reynolds number, the equations of 
conversion may be stated here 


for SSU > 100, v-105 = (0237 ssU — [18] 


for SSU < 100, »-105 = SSU — [19] 


In Fig. 17 the Reynolds number characteristics for the ‘‘normal’’ 
pumps IL 11 and IL 22 have been summarized for the purpose of 
practical application. It is proposed to use these curves for 
making general corrections for a range of specific speeds from 800 
to 2200 approximately. Values for pumps of different water 
efficiency may be interpolated. 

It is of importance that the experimental material basic to the 


ReEsvutts PLorrep AGAINST Rp FoR Pump IL 2 


eventual adoption of correction curves be greatly increased by 
further analysis and co-ordination of available information and 
possibly by additional testing. It is naturally desirable to trans- 
late eventually all the calculations necessary at present in using 
these curves into graphical and tabular form for easy application 
in practice. It was felt, however, that it would be valuable to 
have first the benefit of an extensive discussion by all those inter- 
ested in this problem, before too much time is spent in adapting 
the present results to practical use. 


INFLUENCE OF DesIGN FEATURES ON THE REYNOLDS NUMBER 
CHARACTERISTICS 
The general trend of the Reynolds number characteristics 
indicates three different zones within which the influence of the 
major losses is changing in weight. 
1 For the range of water and air performance above Rp ~ 
10° the efficiency losses are essentially due to the hydraulic 
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“through-flow”’ losses, followed in importance by disk friction 
and by leakage. 

2 For Reynolds numbers Rp =~ 10% down to Rp = 104 the 
increase in power input is caused mainly by rapidly growing disk 
and ring friction losses, while through-flow losses increase at a 
comparatively low rate. The latter fact is indicated by the 
relatively small decrease in head and capacity, which proves that 
turbulent flow persists essentially throughout the pump. Leak- 
age losses have assumed a negligible part. 

3 For Reynolds numbers lower than Rp = 10‘ the through- 
flow losses increase more rapidly as indicated by a marked down- 
ward trend in head and capacity. Laminar-flow conditions are 
gradually established for the main flow. Disk and ring losses 
become less dominant and due to the large dissipation of power 
into heat on account of the latter the general rise in the efficiency 
losses is retarded. 
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Due to the complex nature of the flow through a pump it is 
naturally impossible to fix any Reynolds number Fp for the be- 
ginning of laminar-flow conditions for any one pump. It is even 
less possible to determine such a critical Reynolds number as a 
general criterion for all pumps. However, it is quite obvious 
that such a value of Rp would have little critical significance and 
is in no way analogous in this respect to the critical Reynolds 
number for pipe flow. The complexity of the losses and the non- 
uniform character of the flow preclude a sharp break in the line of 
resistance and point toward a very gradual and smooth transi- 
tion between the two states of flow. This is indeed the conclusion 
to be drawn from the curves of Figs. 14-17. 

A few additional conclusions may be drawn with respect to 
design characteristics: The head correction curves show that for 
low viscosities and low specific speed (pump IL 11) the head 
may increase at first above that produced for water. This is 
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believed mainly due to the large effect of disk action for such 
pumps, since the pumping by disk action here becomes a con- 
siderable percentage of the total capacity. Further proof for 
this contention is supplied by the curves for the open impeller 
of the same pump, which show a lower head and lower power in 
the same range of Reynolds number. 

If ring losses are to form a small part of the total losses, ab- 
normally low speeds should be avoided. The useful output of a 
given pump is increased considerably for viscous conditions of 
flow by increasing the speed, since the influence of ring losses is 
diminished. This tendency is exemplified by the curves for the 
higher-specific-speed pump IL 21, which shows the greatest 
improvement with higher speeds, since ring and_ stufting-box 
losses form a large percentage of the total losses for the lower 
speeds. 

Individual losses, which are due to “hydraulic friction,’ to 
disk action, to ring and stuffing-box friction, are not easily 
separated at present but will vary apparently within reason in 
a proportional manner for pumps of conventional design. It 
may be assumed that a decrease in disk friction for a higher 
specific speed is compensated for in part by the relative increase 
in ring friction for this type of pump. However, there is still a 
net gain in efficiency when compared on the basis of constant 
Reynolds number and considering only the curves of Fig. 17. 
Compared on a percentage basis the efficiency losses differ less 
for low Reynolds numbers than for the water performance runs, 
since the curves converge rather rapidly for a certain range of 
Rp values. 

A considerable increase in the running temperature for a given 
pump is caused by ring and stuffing-box friction. While the 
evidence on hand does not permit more than a qualitative esti- 
mate of the influence of the pump temperature on the per- 
formance, it may be stated that for a given Reynolds number 
and a given speed the efficiency is somewhat higher and the 
head produced is increased, if the running temperature is high. 
In the range of Rp, where Heavy Oil (HO) and Light Oil (LO) 
points overlap, the curves show a distinctly higher head for the 
former, since its temperature is high here while the Light Oil 
is cold. These remarks are made at this time with the intent 
of calling attention to the influence of the running temperature 
rather than with the idea of suggesting definite answers. 

Attempts have been made during the evaluation of the data 
to analyze the individual losses separately and to deduct from 
the power input the influence of disk and ring friction. While 
expressions for disk friction give probably the order of magnitude 
of these losses correctly, the ring friction is not as easily calcu- 
lated, since it is influenced to a decisive degree by large tem- 
perature changes in the ring space. For the time being, there- 
fore, the attempt at isolation of the hydraulic losses from the 
input power was discontinued. But it is clear that eventually 
this phase of the problem will have to be solved, if further insight 
into the relative distribution of these losses is to be gained. This 
will be a very fruitful subject for further experimental studies. 


RECOMMENDATIONS 


On the basis of the information made available in this paper 
it is possible to propose some very definite future steps toward 
a final solution of the problem under discussion. 

1 A considerable amount of detailed information, which up 
to date seemed irrelevant, should be disclosed by the profession 
as a result of the material published here. This material should 
be critically sifted and co-ordinated by a central agency on the 
basis of all the pertinent variables involved. 

2 The information embodied in the performance curves and 
data, of which the results presented form an important but rela- 
tively small part, deserves further analysis. The influence of 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1946 


viscosity on part-load and overload operation should be cleared 
to a certain extent. Since disk and ring friction losses remain 
more or less fixed regardless of discharge, the detailed analysis 
of input and output curves should yield valuable information 
toward separation of these losses from the hydraulic losses. 

3 The problem of ring friction should be studied further, 
analytically and experimentally. Applications toward im- 
proved stuffing-box design and use of mechanical seals may be 
included here. 

4 Analytical studies should be undertaken to determine the 
influence of relative roughness and of specific speed as variables 
influencing the efficiency, so that eventually a set of universal 
performance curves may be plotted including these quantities 
in addition to Reynolds number. 

5 Additional performance tests should be made with pumps 
of different design, especially with pumps of higher specific 
speeds. Such tests could be made on a much more economical 
basis now, since the pertinent variables and trends are estab- 
lished. Effects of changes in design should be systematically 
studied. 
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Discussion 


N. Tettow.’ The writer would like to congratulate the author 
on his paper, which provides an outstanding contribution to our 
knowledge of the viscous-flow characteristics of the centrifugal 
pump. He would like to endorse the author’s statement that 
previous investigations have provided only temporary methods 
of approach; they have, however, served a very useful purpose 
indeed pending the accumulation of knowledge which permits a 
more scientifie study. 

Past contributions to engineering societies, and in published 
works, have always given rise to a good deal of discussion in 
which the theoretical principles associated with the Reynolds 
number of a pump have been ventilated at considerable length. 
All previous treatment of this subject, however, has been purely 
academic and has not been supported by practical evidence. 

The researches now recorded by the author have done much to 
fill in this missing information and permit us to make a more 
accurate assessment of the influence of Reynolds number on per- 
formance. The writer would go so far as to say that this paper 
provides the first convincing evidence that he has seen in which 
the influence of running speed is demonstrated. 

It is encouraging to learn from the paper that the author pro- 
poses, at a later date, to reproduce the results of his observations 
in a form which will lend itself more easily to the solution of prac- 
tical problems. It is hoped, therefore, that some suggestions re- 
garding the method of approach will prove helpful. 

The method adopted by the author to correlate an almost be- 
wildering series of observations is to plot, in the Reynolds 
curves, only the pump performances corresponding to maximum 
efliciency. To do this he has suggested that the locus of the 
maximum-efficiency point on the head-capacity curves, follows 
the law Q/./H = constant. 

It will be seen from the paper that this is a reasonable method of 
approach, and it has induced the writer to examine, from this 
viewpoint, the information in his own This ex- 
amination suggests that the path of the maximum-efficiency point 
on the head-capacity curves corresponds more nearly to constant 
specific speed than to constant Q/./H. 

As an example, the curve in Fig. 18, taken from a paper‘ by 
the writer, and plotted on the basis of imperial gallons per 
minute, shows the characteristics of an 8-in. single-stage volute 
pump when handling oils of different viscosities. On these 
curves has been superimposed the constant-specific-speed line 


a. ~ \i, which, it will be noted, corresponds with a fair 

A study 


degree of accuracy to the points of maximum efficiency. 
of the examples in Fig. 13 of the author’s paper, shows a similar 
trend. It is suggested, therefore, that the use of constant specific 
speed not only corresponds more nearly to observed results but, 
for reasons which are given later in this discussion, may also have 
other advantages when the available information is applied to 
practical problems. 

The writer has also analyzed the results of a number of viscous- 
flow tests in'a series of ciirves in which head and efficiency per- 
formances are plotted against N, in the manner suggested in the 
paper, but now on the basis of constant specific speed. The 
available number of tests is limited, but they do suggest that a 
reasonable measure of agreement may become possible, as indeed 
it should, if pumps of similar specific speeds are compared. 
There is a fair amount of “scatter” but not more than one might 
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expect, bearing in mind the large number of variables and the 


ever-present possibility of experimental errors. It is suggested, 
therefore, that a more complete investigation on this basis may 
prove illuminating. 

If the writer’s preliminary observations on this subject are 
supported by further investigation, then it should be possible to 
prepare a complete family of Reynolds curves to cover all varia- 
tions in speed, size of pump, viscosity, etc., each curve correspond- 
ing to a particular specific speed. In this event, the advantage of 
using the constant-specific-speed line instead of the constant 
Q/</H line proposed by the author will become evident. Given 
any duty to be performed, once the running speed is determined, 
it will then be possible to calculate the specific speed, a figure 
which will establish immediately the appropriate correction 
curve to be used. 

Such a series of Reynolds curves to cover the usual range of 
specific speeds would provide a concise means of applying the 
results of the author’s tests to practical problems. By their use 
the size of pump most suitable for the duty required could be 
established, the problem being simplified by our knowledge that 
the specific speed will be constant whether handling a viscous 
fluid or water. 

It would be possible also to superimpose on the Reynolds 
curves the maximum-efficiency duties, when handling water, for 
any range of pumps available. Not the least advantage of this 
method of approach is the fact that maximum possible efficiency 
when handling the viscous fluid could be assured automatically. 

The writer would like to have studied this method of approach 
more carefully, but the combination of postal delays and closing 
date for communications does not permit this. It does appear 
possible that there may be a reason, based on fundamental prin- 
ciples, why the constant-specific-speed line should correspond so 
nearly to maximum-efficiency performance. He would like the 
author to approach the problem from this angle and would be 
grateful for any observations he is able to contribute. 

The writer has only one criticism to make regarding this 
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admirable contribution to engineering science. The value of 
the paper would have been increased enormously if the author 
had found it possible to append a list of the symbols and the 
units of measurement used throughout the paper. When deal- 
ing with such measurements as viscosity and Reynolds number, 
it is so easy to introduce an element of confusion that it is hoped 
he will find it possible to include this additional information in his 
closure to the paper. 


A. HOLLANDER.’ The author has made an important contri- 
bution to a subject which is badly neglected by the manufacturers 
of centrifugal pumps. It is regrettable that owing to the severe 
limitation of the length of the paper, some pertinent data were 
obviously omitted, thus preventing the examination of some 
aspects of the problem which are different from those of the 
author or held for future papers. 

For example, the writer posed the question some years ago 
whether the affinity law broadened to include viscous liquids but 
narrowed down to head and capacity so as to exclude brake horse- 
power and efficiency and with these the external losses, is valid or 
not for the same Reynolds number. According to this law, tak- 
ing a single impeller and having available the complete head- 
capacity (QH) curve for a given constant speed (N) and viscosity 
(v) from shutoff to zero head, for another speed (KN), another 
complete head-capacity curve could be figured point by point for 
a viscosity (Kv); the corresponding points of capacities would be 
KQ and of heads K?H. Comparing the through-flow at any 
point of the impeller, the velocity diagrams should be similar for 
the two speeds of operation. The Reynolds numbers at different 
points of the impeller or case will vary for a single test point, but 
for the second test at a different speed and the same viscosity- 
speed ratio, they should vary the same way, because at any given 
point of the impeller or case the Reynolds numbers are identical 
for the two tests at corresponding capacities. For instance, if we 
have the test of pump IL11 at 2330 rpm and 10,000 SSU, we could 
figure the head-capacity curve for 1750 rpm, that is, */, speed for 
7500 SSU, using as corresponding points */, capacities and °/1¢ 
heads. This is the only viscosity for which the foregoing test 
could be used at 1750 rpm. Going up in speed to 3500, the same 
test would give a performance for 15,000 SSU viscosity. 

This prediction of the complete head - capacity characteristics 
from a test at a single speed for other speeds and viscosities, which 
have the same N/v ratio (that is, the same Reynolds number) 
would be very desirable even if the best efficiency points were not 
at corresponding points due to a different change in the external 
losses. Unfortunately, the published data of the author (Figs. 
14 to 17) show only one point of the performance curves at which 


va is the same as the wr for the best efficiency point for 


water. Now the affinity law is valid for water (see Fig. 8, 
where the points coincide), so that 


Qe = and = K,Ni 
For any other speed 
Que = K,N2 and V Hw. = K,N2 


so that 


K, 
= const 
Vi, Vii Ky 
means that corresponding points are plotted. What the author’s 
modified affinity law tells us is, that for a given Reynolds number 
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the Ho/H, points should coincide. This is true for pump IL21, 
Fig. 15, showing a single line for this curve, and except for a short 
section for 1L22, which shows about a 3 per cent deviation be- 
tween Rp = 104 to 2.5 X 104. 

The smaller pump IL11 shows a similar, and IL12 a somewhat 
greater deviation. Of course it would be instructive to see 


whether or not these deviations remain so small at other i 
values for the whole performance curve. This would eliminate 
any doubt whether the deviations, amounting to something like 
+4 per cent, are due to experimental difficulties in a small region, 
which might arise if the flow at some point would be going through 
a Reynolds range between laminar and turbulent, where the repe- 
tition of a test point even in plain pipe flow is difficult. Also, it 
would be desirable to make tests with a much greater speed 
range, Which would permit a similarly greater viscosity range for 
verification. 

If, because of secondary effects, the affinity law were not fully 
valid, the second question that is posed is whether it would not 
be valid for geometrically similar pumps operating at speeds and 
viscosities giving the same Reynolds number against the same 
heads. In this case the speeds would be inversely proportional 
with the sizes and the viscosities proportional with the speeds. 
The velocities (peripheral, relative, and absolute) for correspond- 
ing points would be identical at the same heads, so that the 
corresponding flow rates would be proportional with the areas 
(square of the size ratio). Having made a set of tests at different 
speeds and viscosities with a single pump, we could predict the 
performance of a similar pump of size ratio (Kp) for speeds and 
viscosities (1/Kp) times the test figures. 

A confirmation of these laws, which follow from a dimensional 
analysis, would leave as the only criterion for the prediction of 
the performance of similar pumps for viscous liquids the equation 


K*pKy 


= const 
Ky 


where Kp is the size ratio, Ky the rpm ratio, and K, the viscosity 
ratio. 

It should be noted that, strictly speaking, the foregoing con- 
siderations are only valid if the leakage through the wearing 
rings is neglected; otherwise the zero point of the abscissa should 
be shifted by the amount of leakage, which differs for every head, 
even for a single Q-H curve at constant speed and viscosity. 
However, it seems that disregarding this leakage is permissible, 
because it is a relatively small percentage of the total flow (except 
near the shutoff point) and particularly for higher viscosities. 

Lacking a reasonable theory, the reduction of Q and H at a 
constant speed and increasing viscosities can be determined only 
by experiments as the author conducted them. Even with a 
consistent design of a line, these should be repeated for different 
types, that is, pumps of different specific speeds over a wider 
range. Different hydraulic designs, such as single- and double- 
suction pumps, should come under different headings as pri- 
marily they should be compared between themselves, and only 
secondarily should the comparison be made between the two 
lines (a) for the same duty (Q, H, N) as the author did, and (>) 
for the same flow lines in the impeller, that is, taking one half of 
the capacity of the double-suction impeller, because it consists 
of two single-suction impellers pasted together with the central 
bridge omitted well below the outside diameter. For a given 
duty and particularly for low-specific-speed pumps, the single- 
suction pump should give better performance, and this even more 
pronouncedly for small sizes (lowest Reynolds numbers). 

Going to the next step, that is, predicting at least one impor- 
tant point of the performance at different viscosities, the writer 
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would suggest for this, instead of the point of best efficiency, the 
point of maximum water or oil horsepower. This is a reasonably 
definite point, undisturbed by external friction losses, such as 
disk or ring friction, but dependent substantially upon the flow 
through the impeller and case only. 

This approach would be in line with the author’s laudible start 
of trying to separate the external losses, which could therefore 
be deducted from the brake horsepower. This figure, compared 
with the water or oil horsepower, would show the effect of viscos- 
ity on the flow or on the hydraulic efficiency of the pump. 

The hesitation of the writer to use water or oil horsepower is 
due to the lack of an acceptable term, which should rightly be 
“output horsepower.” After all, the pump is lifting in unit time 
a certain weight of liquid to a given height, and the product of 
these, times a constant, while regularly called “water horsepower,” 
because water is the pumped liquid, is really output horsepower 
for any liquid. 

It seems that for the two complete tests shown, the points of 
maximum output horsepower are on a line of 


Q 
3.3 
VH 
Other tests indicate a different exponent of H, as one would ext 
pect from greatly varying designs. 

These points of maximum output horsepower are for water not 
far from the best efficiency point, and if they separate further at 
greater viscosities it is a sign of a different change in the hydraulic 
and external losses. 


= const 


Any effort to obscure the condition with a 
single curve for the best efficiency point, as was always done, 
seems to give a finality to the results which is not warranted and 
would retard the more fundamental examination that is called for. 
The omission of the output-horsepower curve from the standard 
pump-performance curves which show head, efficiency, and 
brake horsepower as a function of flow rate at constant speed, is 
even for water objectionable, because it does not show some 
important characteristics of the pump which would lead to a 
more intelligent appraisal of its worth. 

The value of the different maximum output horsepowers as a 
function of viscosity is really the function that the designer or 
user wants, after the QH function for maximum output horse- 
power is known. With the latter it gives the relative change of 
Q and H with viscosity. With the external losses determined for 
different viscosities, the hydraulic efficiency could be figured 
besides the over-all efficiency as was previously done to give a 
complete picture. Following this through for different types from 
zero to shutoff head would possibly shed some light on the very 
irregular flow at partial and overcapacities, not only on the 
maximum-output points hitherto compared. With this knowl- 
edge then, it.might be possible to design better pumps for high- 
viscosity liquids, which oddly enough was successfully attempted 
in Professor Daugherty’s first and still classical tests (1). 

It might be argued and correctly so, that these notes are merely 
Suggestions for a further program rather than criticism of the 
present paper. It is only fair to add that the author did make a 
valuable contribution and in more than one direction struck new 
paths, particularly in calling attention, to the writer’s knowledge 
for the first time, that the wearing ring friction is a major ex- 
ternal loss, which cannot be lumped together with the disk friction 
as a small additional loss. 


L. F. Moopy.* The effect of the viscosity of the fluid on pump 
performance has remained a problem without a satisfactory an- 
swer, and it has not been possible for pump designers to predict 
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with any assurance the modification of water performance to be 
expected when pumping oils or other fluids. The existing data 
have been limited to more or less isolated tests and few com- 
parisons under controlled conditions have been available. When 
looking for the effect of the change of a single variable, reliable 
conclusions can hardly be deduced from tests on separate pumps, 
for example, or from any tests where other variables do not remain 
identical. It is believed that the author’s research is the first sys- 
tematic study of the problem under carefully controlled condi- 
tions covering a wide enough range to establish definite conclu- 
sions. 

The paper provides a wealth of data although, as mentioned 
by the author, further analysis is still needed to reduce the experi- 
mental results to readily usable form. The test data are now at 
hand, but the complex nature of the problem does not make it 
easy to apply the results to any specific case. It would bea valua- 
ble addition to the material included if sectional views of the 
pumps tested could be appended to the paper, as this information 
is necessary for complete analysis. 

The method of analysis adopted in the paper is logical and 
sound, namely, the plotting of the performance with respect to a 
Reynolds number, which reduces the results to dimensionless 
form. Several useful forms of Reynolds number are used, one of 
which, Rp, depends upon the impeller speed and reflects directly 
the effects of disk friction and clearance friction, while other forms 
such as Rg and Rp reflect more directly the flow velocities. The 


100 — 


e 
plotting of the proportional-energy loss , or as the writer 


would prefer to express it, 1 —e, (using e as a fraction rather than 
a percentage) is also a reasonable procedure. 

With these data available, it would seem possible to arrive at 
some simple empirical rule which would permit us to modify the 
efficiency and head given by water performance to apply to oil, 
at least for light oils, over a moderate range of viscosities. The 
writer has found it difficult to read the small-scale logarithmic 
plottings, in the effort to find a satisfactory functional relation. 
Perhaps a function of some such form as the following may serve 
the purpose 
log Row 

Rp 


ew = K(l — ew) 


in which ew = efficiency for water (as a fraction, not a percentage); 
Rpw = Rp for water; and K is a coefficient, depending upon 
specific speed and perhaps other characteristics of the pump. 

It is hoped that the author will be able to continue his own 
study of the problem, and to give us an easily applied rule which 
would serve at least as an approximation close enough for prac- 
tical use. 

The fact that the curves flatten out in the region of water 
performance, so that the behavior then practically ceases to be a 
function of Reynolds number, confirms the point of view expressed 
by the writer in the past, namely, that when handling water, the 
flow in usual sizes of pumps of normal specific speeds, and still 
more clearly in hydraulic turbines, falls in the zone of practically 
complete turbulence. Accordingly, the efficiency for water opera- 
tion should be practically independent of the head, and be a 
function merely of the relative roughness of the surfaces exposed 
to the flow. 

The research represented by this paper is an example of sys- 
tematic hydraulic experimentation at its best, and care and 
thoroughness are evident throughout the undertaking. The re- 
sults are valuable contributions to our knowledge. 


The author has investigated centrifugal- 
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pump performance with oil viscosity as high as 10,000 Saybolt 
seconds, which is a viscosity of 2200 times that of water. This is 
probably about as high as there is any practical need for going. 

The writer carried on extensive investigations in this field and 
under the same range of viscosity in 1924 and 1926, and the results 
were published in two bulletins.’ Those investigations showed 
very clearly that capacity, head, and efficiency all diminish with 
increasing viscosity and that the effects were more noticeable 
with small pumps than with large ones. 

Another factor which must certainly have an influence upon 
the variation of pump performance with viscosity is the specific 
speed. The author has made a start in presenting this phase of 
the subject. However, neither size nor specific speed will tell all 
the story. Thus in Fig. 19, which the writer has replotted from 
his earlier data, may be seen the difference in the performances of 
two pumps of the same size and of substantially the same specific 
speed when operated with fluids of different viscosities. It is seen 
that the design, which is more efficient for a fluid of low viscosity, 
is less efficient for a fluid of high viscosity. 

The author has correlated his data on the basis of Reynolds 
number, but with a separate set of curves for each individual 
pump. If the rpm were also constant the only variable would 
be kinematic viscosity such as the writer has used in Fig. 19. 
Thus in Fig. 19, herewith, two viscosity scales have been added, 
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is revolutions per minute and qd; is the impeller diameter in feet, 
while the kinematic viscosity is expressed insquare feet per second. 
This viscosity is equal to the viscosity in centistokes multiplied 
by 0.00001076. The writer has adhered to this combination be- 
cause it is the same used by the author, but in the writer’s opinion 
16.93 ND,? 


it would be more convenient to compute this by : 
centistokes 


where D, is the diameter of the impeller in inches. 
The specific speed has been computed as 


_ Tpm xv. gpm 


He 


This is obviously the same expression which the author has used 
for his values, but it is well to state this specifically since cubic 
feet per second or other units are often used instead of gallons per 
minute. In the case of a double-suction pump, it seems prefera- 
ble to use one half of the total pump capacity in such a calcula- 
tion, but the author does not indicate whether he has followed 
that practice or not in the values which he gives. 

In Table 1 of the paper it would be desirable to define the 
meaning of the symbols there used since they are not obvious. 
In connection with Equations [2a, }, c, d], it should be stated that 
N is revolutions per minute, that dz is the diameter of the im- 
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since viscosity is there the only variable entering into the Reyn- 
olds number. One of these viscosity scales is that for Saybolt 
seconds and the other is kinematic viscosity in centistokes. The 
former is used here because of its extensive employment in in- 
dustry, but the latter is a scientific unit with more physical 
meaning. Thus since at 68.4 F the absolute viscosity of water 
is 1 centipoise, and its kinematic viscosity is 1 centistoke, the 
viscosity given in either centipoises or centistokes is at the same 
time an indication of the viscosity relative to water at that tem- 
perature. 

The Reynolds number is computed by a formula in which N 


§ Refer to Author’s Bibliography (1); an earlier bulletin was pub- 
lished in 1924. 


peller in feet, although in Fig. 11, D is used for the same value. 

It is to be hoped that the author or others may continue to 
obtain data on centrifugal-pump performances with different 
viscosities and with a range of sizes, specific speeds, and other 
design features so that eventually a comprehensive chart may be 
drawn up which would be a reliable guide for any combination of 
conditions. However, it is difficult to generalize with only a 
limited amount of data. 


O. H. Dorer.’ The author’s contribution toward the solution 
of the problem of viscosity effects in centrifugal pumps indicates 
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a method of attack attempted by the writer some time ago and 
since abandoned. By this is meant the head corrections based upon 
percentage of water performance, and some classification number- 
ing system similar to Reynolds number by using impeller diam- 
eter and finally unit speed (n), which is a function of impeller 
diameter, 


Subsequently, a formula for 


_ 100G" 


Ry 


was adopted in which G = 
ity in centistokes. 


H, = velocity head, y = 
It is seen that the troublesome size factor has 
disappeared, and this is possible through substitutions in 

Q = 0.785 Dt V/2gH, 
the usual pipe formula, where H, is the head creating the veloc- 
ity. 

In the centrifugal pump the velocity creates the head, so we 
can use a similar value for over-all Reynolds number. However, 
since the conception of H, is from an original velocity determined 
not by the developed head, but by an internal head which over- 
came all head losses in the pump, the internal rather than the 
developed head is used. The internal head corresponds to input 
horsepower with a deduction for disk friction, bearing and stuffing- 
box loss. At zero capacity the recirculation capacity is con- 
sidered in calculating internal head from the input power. 

Of the input power, that part overcoming disk friction, bearing 
and stuffing-box loss is not a direct hydraulic-flow loss. A deter- 
mination of this loss was made by placing solid dummy impellers 
in the pump casing having all details like the real impeller, except 
that the outer band normally 
extra disk loss, 


gpm, Viscos- 


used as discharge passage gives 
Corrections were determined by extending the 
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Fig. 20 Water Disk Horsepower or Dummy IMPELLERS 


(10-hp dynamometer used; tests include bearings, stuffing boxes, and sealing 
rings.) 


dummy to a rounded-nose affair, as illustrated in Fig. 20 of this 


discussion. (Water) disk horsepower follows the form of 
R5 
H — 
Where R = radius, ft; N = rps; K averages 280, 


Zur Nedden” found with simple disk tests 
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However, Gibson and Ryan tests are reported at 
© “Influence of Disk Friction on Turbine-Pump Design,” by F. 
Zur Nedden, Trans. A.S.M.E., vol. 37, 1915, pp. 83-107. 


(average value) 
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Hp = 
330 
Both of these are simple disks, polished, and in rough cast-iron 
surroundings; and neither of them can be considered as reflecting 
all the conditions surrounding impeller surfaces, ring, joints, etc. 
Hence their low values of horsepower are not considered to be 
applicable to centrifugal pumps. 

In order to arrive at proper wall pressures, the dummy im- 
pellers were tested under pressures at mid-radius, as recorded 
by the actual impeller during its operation. 

Disk horsepower bears a relationship to specific speed, 
low specific speed having relatively more of this loss than higher- 
specific-speed pumps. The build-up of disk horsepower with vis- 
cosity may be very high on a low-specific-speed pump. 

While ring-leakage loss is reflected in the net output, it is 
proper to allow for it in obtaining H,. Practically, for water 
performance, H, may be determined from H, (actual head) by 
dividing it by the hydraulic efficiency, here defined as efficiency, 
not including disk horsepower. In any reasonable size pump 
ring leakage" is a small percentage; it may be neglected. 

However, with viscous oils this ring leakage decreases to some 
extent, and in small pumps its decreasing rate could improve the 
oil head obtained, above water performance. 

The basis for considering effects of viscosity states: (a) The in- 
crease in power input, corrected to unity specific gravity, is due to 
increased disk friction, see Fig. 23 of this discussion; (b) the de- 
crease in head is due to several features, i. e., the frictions in the 
passages, the lag in attaining velocity imparted by the blades of 
the wheel, and finally, the poorer efficiency of velocity-head con- 
version within the pump. 

While equal-size pumps are built with various spiral velocities, 
some relatively high, others relatively low, for similar specific 
speeds, it is clear the friction in the large-area spiral will not 
build up as fast with increase in viscosity as is the case in smaller- 
area spirals. 

A similar situation applies to impeller passages; fewer vanes 
infer larger hydraulic mean radius and lesser frictions. 

With both elements designed for low velocities to reduce fric- 
tions, there is an adverse effect in the hydraulic efficiency, and of 
velocity-head conversion. The problem in viscosity then boils 
down to which element is most destructive. It will be shown that 
frictions are more detrimental than the destruction of velocity- 
head efficiency in some designs of pumps. 

Manifestly, each of these elements has a Reynolds number, and 
various rates of friction loss or head destruction; and while we 
apparently have a Reynolds number for the particular pump, 
there does not appear to be an over-all Reynolds-number system 
applicable to the range of pumps that may be used for viscous- 
oil applications in a manner similar to the pipe problem. 

In this connection, the theory of action in a centrifugal im- 
peller poses another problem. If all head is developed entirely 
through velocity, H, is directly determined. However, some of 
the head is composed of centrifugal force which is at a maximum 
at the shutoff and at a minimum, at large flows. In fact, when’ 
centrifugal force is absent, cavitation begins. Principal formulas 
for centrifugal force are given as follow 

YU; vu v input hp — disk hp 
0.1135 (Q + ring leak Q) 


H= 


[20] 


H 
1.22 N,?R? 
1t Ring leakage was 2'/s per cent for the 4-in. pump in which the 


dummy impeller was tested, and is independent of speed, for a given 
impeller. 


Per cent centrifugal force = 100 X —0.5Y?]}..[21] 
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where 
U. = peripheral velocity, fps 
W = horizontal backward component in usual velocity dia- 


gram, neglecting contraction 
Q = volume delivered, cfs 
R = radius impeller, ft 
N, = revolutions per sec 
H = impending head, ft 


With the centrifugal-force element deducted, Hy is of a lower 
value and the viscosity would not affect centrifugal force except 
through additional lag of vane action on the fluid. In all follow- 
ing comparisons it has been assumed that no lag occurs. 

The 8-in. Mather and Platt pump-head results have been in- 
vestigated for viscosity at three rates of flow, Fig. 21 of this dis- 
cussion. The sudden bump in the curve may be caused by 
change of oil, even though the viscosity scale is continuous. It is 
suspected that the type of oil has some influence. Here the 
hydraulic efficiencies have been calculated on the assumption 
that all generated head comes from velocity conversion. At the 
top of the sheet a series of n exponentials indicates variation with 
constant apparent Reynolds number. 
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Pipe frictions may be compared where viscosity is the only 
variable by an exponential n of viscosity; it is nearly 0.20. For 
head conversion in the centrifugal pump, this same exponent of 
viscosity is seen to be variable and considerably below 0.20. 

The low n values of head, compared to frictional n values, in- 
fers that the head conversion which is the major part of H, 
does not decrease as fast with increase of viscosity as frictions 
increase. With the very heavy viscosities, the increase in n 
infers greater destruction in conversion of velocity to head than 
at low viscosities. 

In order to substantiate these facts, the frictional slopes for 
impeller and spiral were calculated and allowed for, as well as the 
centrifugal force, and the remaining values represent hydraulic 
efficiency of velocity-head conversion. 


2.7 fH,'/ 


Friction slope = Gin 


through substitutions for size indicated in an earlier part of this 
discussion. 
Considering the centrifugal-force element we can write 


2.7fH,*/* H,— CF + F, 
H, = actual developed head 
CF = centrifugal-force head 
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F, = friction loss in spiral and impeller 


H = impending head 
C, = velocity-to-head conversion efficiency factor 


Here f is similar to the friction factor of pipe calculations, but 
refers specifically to a friction factor of velocity-head conversion. 

Fig. 22 of this discussion gives the results of such an analysis 
and confirms that velocity-head conversion is not destroyed as 
rapidly in some designs as friction builds up. The small-spiral- 
area pumps are more efficient as water pumps having low f values. 

The small 1'/:-in. pump seems to have better f values at 75 
per cent capacity; however, this illustrates the ring-leakage ef- 
fects which have been neglected, and which bear a larger per- 
centage to output than is the case in large pumps. The decrease 
in leakage with increase of viscosity in the small pump is re 
sponsible for the apparent improvement in f values. 

Confirming that friction and velocity-head destruction of head 
on viscous oils do not proceed at equal rates, the 8-in. and 7-in. 
pumps are compared (Table 3 of this discussion) on a common 
flow, and viscosity, viz. 1500 gpm at 1000 centistokes viscosity. 
The velocity through the spiral of the 7-in. pump is about 2'/, 
times that of the 8-in. pump. (The IL-21 pump is shown at 1050 
gpm as 930 centistokes). 


TABLE 3 COMPARISON OF 7-IN. AND 8-IN. CENTRIFUGAL 
WITH 6-IN, IL21 PUMP 


6-in. 
7-in. pump‘ 8-in. pump IL21 pump 
H water.. 165 135 80 
Per cent head loss............. 34.2 16.2 21.9 
Hydraulic efficiency, water, per 
Net efficiency, water, per cent. . 85.0 73 80 
Velocity efficiency, water....... 90 68 73.3 
Velocity efficiency, oil....... er 63.5 59 57.0 
Priction, 1.75 1.0 1.0 
(estimated) 
23.8 13. 9.8 
Seer 0.302 0.303 0.46 
Centrifugal force, ft........... 49.0 57.0 32.0 
(w estimate | 
at 10) 


While the friction losses increased by an amount equal to 
13.4 per cent of the developed water head, the loss in converted 
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velocity head increased 21 per cent for the 7-in. pump. On the 
other hand, the 8-in. pump increases are 9.05 per cent and 6.6 
per cent, respectively, for these items. The high f, value of the 
IL21 pump is undoubtedly due to the large cutdown of impeller, 
resulting in a relatively long space between impeller and spiral. 
This space does not appear to affect results as badly on viscosity 
as in the case of the 7-in. pump, but more so than the 8-in. pump. 

The changes in rates by which each element behaves in the 
different types of designs appear to nullify a universal applica- 
tion of over-all Reynolds numbering system with head and effi- 
ciency correction factors applied to the water performance. 

The m exponentials affecting power are likewise variable; some 
high-head per stage pumps showing as low as 0.18. This suggests 
that rapidly moving disk surfaces create a film of apparently low 
viscosity or heating at the surfaces. 

In conclusion, it appears necessary that more test results be 
provided to develop acceptable designs for best oil performances; 
and specific methods of calculation then are a matter of choice. 


AvuTHOR's CLOSURE 


The discussions submitted have contributed greatly to the 
further clarification of the complex problems involved in analyz- 
ing the influence of viscosity on the behavior of centrifugal pumps. 
The discussers have raised relatively few controversial points and 
have contributed instead from their own experiences valuable 
observations and suggestions for future work which need little 
additional comment. The author indicated at various times in 
the paper that the exploitation of the test data was only partly 
completed. Considerable information should be gained from 
further critical analysis of the individual performance curves with 
respect to separation of ‘external’? from so-called “internal’’ 
losses, by comparisons with results of other experimenters, and 
by investigating the influence of such findings on established de- 
sign procedures. The present paper was intended primarily to 
establish a common basis of discussion on the strength of exten- 
sive experimental evidence, to clarify the basic nature of the 
various losses, and to estimate their relative influence. The 
author feels greatly reassured since his line of attack was not 
seriously questioned. The work may now be continued toward 
eventual correction curves of more general validity. 

A few remarks are in order to answer some specific problems 
raised by the various contributors. Mr. Tetlow brings up the 
question whether or not the specific speed Ng should remain 


constant regardless of viscosity: Curves drawn on the basis of 


Vs = const (i.e., Hh = const for a given pump and a given 
speed) in the head-discharge curves give maximum efficiency 
points for high viscosities better than the author’s method of 
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keeping constant. Naturally various methods of defining 


Q 
VH 
normal capacity and normal head were discussed and tried dur- 
ing the analysis of the data and the present method was adopted 
essentially for practical reasons. Up to relatively high viscosi- 

ties the efficiency corrections obtained by either method are prac- 

tically identical. Applications where the efficiencies drop below 

30 per cent or 25 per cent are not expected to be numerous. The 
efficiencies can be kept above these values by changing the type 

or the design of the pumps (see Professor Daugherty’s example). 

It seems contrary to experience with fluid friction that a single 
law should be valid from the range of “complete turbulence” 
through the turbulent transition zone into the completely laminar 
state of the “through flow.” While reduced capacity and head 
result in a corresponding shift of the peak horsepower output, 
the higher rate of increase in the so-called external losses, espe- 
cially disk and ring friction, will tend to produce a slower corre- 
sponding shift of the peak efficiency. The author agrees with the 
discussers who have pointed here to the need of further analysis 
so that the influence of the internal losses may eventually be 
separated from that caused by external losses. 

For the present the method adopted seems the most useful 
one, since the assumed proportionality of Q and VH enables 
the engineer to calculate these values for small changes in speed 
N and impeller diameter d2, in accordance with established pro- 
cedures derived from the affinity laws. It may also be called to 
mind that the usual concept of specific speed is associated with 
similar flow conditions in a given pump regardless of speed, re- 
sulting in the proportionality of speed to Q and WH with con- 
stant proportionality factors. This precludes any influence of 
the viscosity on the flow conditions. If with increasing viscos- 
ities such influences result in a marked change in these propor- 
tionality factors, the geometric similarity of the through flow is 
disturbed though the boundaries and the speed may remain 
fixed. 

For all practical purposes then, the pumping process is changed 
and it is hard to conceive of specific speed remaining constant 
under these conditions. The pump type may still be classified, 
however, by its water-specific-speed, and correction curves may be 
drawn on that basis. Since the change in the specific speed on the 
basis of Q = KVH is inversely proportional to the discharge 
correction factor, the resulting increase in the specific speed re- 
mains relatively small. Finally, it may be added that the in- 
creasing external losses also have a certain effect on the specific 
speed, since they affect the location of the maximum efficiency 
point. 

The exact significance of specific speed therefore is not too 
clear in connection with the problem of viscous influences on pump 
performance. It represents a classification number for normal 
water performance, where it remains constant for a given type of 
pump, since flow conditions remain geometrically similar regard- 
less of speed and diameter. This similarity is due to the almost 
complete absence of variations in the viscous influences and to the 
minor variations of the external losses. This similarity will 
break down if the viscosity increases greatly and it seems reasona- 
ble to acknowledge this fact by a change in the specific speed. 

The preparation of correction curves is not greatly affected by 
the definitions and correlations of normal discharge and normal 
head. The author agrees, however, with Mr. Tetlow in the desira- 
bility of further analysis and of theoretical investigations on the 
foregoing question. 

Professor Hollander and Professor Daugherty have inquired 
into the definition of specific speed concerning single-suction and 
double-suction pumps. The author calculated the values of Ng 
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using total discharge Q in gpm, H in ft, and Nin rpm. It is be- 
lieved that the distinction between single- and double-suction 
pumps need not be insisted upon in connection with the problem 
in question. Using only one half the capacity for a double-suction 
pump to obtain the characteristic specific speed is in order when- 
ever problems concerning entrance conditions and _ especially 
cavitation phenomena are investigated. For the problem under 
discussion it is doubtful whether a better comparison to single- 
suction pumps would be obtained except for very high specific 
speeds. If a double-suction impeller were to be replaced by 
two single-suction impellers, the hydraulic losses would probably 
be changed very little; however, the horsepower input for each 
impeller would have to be corrected for greatly increased external 
losses, since disk- and ring-friction losses would be doubled. The 
corresponding decrease in the efficiency would offset the corree- 
tion of the specific speed. Such corrections for external losses for 
these equivalent impellers could not be made in the present state 
of knowledge. 

For water performance disk- and ring-friction losses form usu- 
ally only a small part of the total losses, which are essentially 
hydraulic or internal losses there, so that such corrections would 
be of negligible order of magnitude. For these reasons it seemed 
preferable to state the specific speeds for the double-suction 
pumps (IL21 and IL22) on the basis of their full capacity. Fur- 
ther light on this question must come again from a_ possible 
separation of so-called external and internal losses. 

Professor Hollander has given an admirable statement and 
summary of the consequences of the viscous changes on the affin- 
ity relations and points out the direction toward the considera- 
ble work ahead in this field. It is clear that the conventional 
thinking on these affinity questions will have to be revised con- 
siderably, whenever viscosity plays a major part in pump per- 
formance. 

Professor Daugherty has plotted his test results against the 
Reynolds number Fp and since both sets of tests were run at the 
same speed, this plot is identical with that against the viscosity 
as the only variable in Rp. It should be noted carefully that the 
author’s curves in Figs. 14 to 16 represent data for three different 
speeds and therefore correlate the test material for each pump 
on the basis of corresponding Vv values, with the diameter being 
the only constant quantity in Rp. Professor Daugherty’s pump 
of higher efficiency for high viscosities represents the first suecess- 
ful attempt at a special design for viscous influences and is there- 
fore not directly comparable to the normal pump built for high- 
est efficiency with water. 

To facilitate further comparisons with tests of other experi- 
menters, a graphical way of determining Rp is given in Fig. 24 
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of this closure, with corresponding results from the author’s tests 
integrated into three sets of correction curves for head, capacity, 
and power. The efficiency corrections are not shown, but can be 
easily obtained for any Reynolds-number value by multiplying 
the head and capacity corrections and dividing the product by the 
power-input correction factor. The use of the chart is as follows: 
From a known value of the impeller diameter in inches on the left 
scale proceed vertically upward to the intersection with the 
proper speed line in rpm. From here continue horizontally across 
to the right to the intersection with the line marked with the given 
viscosity in SSU (Saybolt seconds Universal). The value of 
Rp may now be read on the bottom scale. <A vertical line ex- 
tended up will locate immediately the correction factors for ca- 
pacity, head, and input power. 

These correction curves represent the average values from the 
author’s tests obtained for the higher speeds which are normally 
employed. The individual curves are identified by the corre- 
sponding approximate specific speeds. The diagram may thus 
serve as a more easily applied method for practical approxima- 
tions, for which Professor Moody and Mr. Tetlow have asked. 
The user may be reminded, however, that no claim is made as to 
the general validity of the correction factors, since these are based 
only upon the tests and the methods of analysis reported in the 
paper. Material from other sources may be easily compared with 
these findings. 

Professor Moody has offered the form of an efficiency correc- 
tion function which seems basically sound. The author is espe- 
cially in favor of his use of (e, — e€o) therein, which represents 
the absolute decrease of the efficiency due to the influence of vis- 
cosity. From some preliminary graphical studies of tests on many 
different pumps, it seems that (e,, — eo) produces the relatively 
best correlation of the results, again pointing to the predominant 
increase of external losses especially for lower viscosities. 

The author gladly complies with Professor Moody’s suggestion 
of showing the pumps tested in sectional views by courtesy of the 
Ingersoll-Rand Company. Fig. 25 presents the pump labeled 
IL11, which indicates the closed impeller, and Fig. 26 shows the 
pump IL22. It is to be recalled that pump IL21 differed from the 
latter only by having an impeller of smaller diameter. : 

Little can be added to Mr. Dorer’s remarks which are con- 
cerned extensively with the analysis of individual internal and 
external losses. The author prefers the method of determining 
disk friction indicated in Fig. 11 of the paper, which is based 
upon sound analytical and experimental evidence and would like 
to call attention to the considerable influence of wearing-ring fric- 
tion. Mr. Dorer’s Reynolds number Ry is identical with the 
author’s Rp, as can easily be verified by substituting for (H,)'/* 
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in terms of (2 and by changing the constants correspond- 


ing to units employed. This Reynolds number differs from Rp 
only by the proportionality factor relating Q, to ND*. Since 
these proportionality factors are dependent upon the viscosity 
and Reynolds number, their use in defining a Reynolds number is 
impractical, because trial-and-error methods have to be employed 
in solving for the correction factors. Reynolds number Rp is 
determined by diameter, speed, and viscosity and immediately 
locates the proper correction. Aside from this practical advan- 
tage, Rp is of particular significance for disk and ring friction as 
pointed out before. 

In conclusion the author wishes to express his appreciation for 
the interesting contributions made in the discussion. They 
have helped greatly to stimulate and to clarify further thought on 
the complexities inherent in this problem of viscous effects on 
centrifugal-pump performance. 


APPENDIX 
AUXILIARY TABLE OF NOTATIONS 


Tables 1 and 2 (all dimensions in inches) : 


D, = diameter of suction pipe 

D, = diameter of discharge pipe 

D, = diameter of entrance section of impeller 
D, = diameter of exit section of impeller 

D,, = diameter of shaft 
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B, = width of exit section of impeller 
Dp = diameter of wearing rings 
Bp = width of wearing rings 
2 Sp = diametral clearance of wearing rings 
Fig: 7: 


2g 


(dy) 


h = differential head of liquid, ft 
Subscript (2) refers to orifice and Venturi-throat diameter; 
subscript (1) to diameter of line of approach. For water 
flowing through orifice Cp = 0.6185, and Ky = 1.00 
Equations [1 to 17]: 
H,, = head produced by pump for water, ft 
head produced by pump for oil, ft 
Qo’ = discharge, cfs 
Qo = discharge, gpm 
d;, = equivalent eye diameter of impeller, ft 
v; = velocity in equivalent eye section, fps 
dy = impeller diameter, ft 
b. = impeller width, ft 
w = angular velocity in radians per sec 
N = rpm of disk or impeller 
u2 = tangential velocity at impeller exit, fps 
v, = relative velocity at impeller exit, fps 
r = radius of disk or impeller 
6 = thickness of boundary layer near disk 
Sp = clearance between disk and housing wall 
dp = diameter of rings, ft 
br = width of wearing rings, ft 
Sr = clearance between rings 
y = specific weight of fluid, lb per cu ft 
Sy = specific gravity of oil 


= 


wr = tangential velocity of disk 
u = tangential velocity of liquid in boundary layer 


v, = radial velocity of liquid in boundary layer 
v, 
tan a; = — 
u 
z = distance from disk surface within boundary layer 
(2max = 5) 
Fig. 11 


D = diameter of disk in ft. 
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The Theory of Moving Sources of Heat and 
Its Application to Metal Treatments 


By D. ROSENTHAL,'! CAMBRIDGE, MASS. 


The theory of moving sources of heat has been instru- 
mental in providing the welding engineer with a scientific 
criterion of weldability of steels. The author outlines 
briefly the fundamentals of this theory and derives ap- 
propriate solutions for linear, two- and three-dimensional 
flow of heat in solids of infinite size or bounded by planes. 
Point, linear, and plane sources of heat are examined. 
The solutions obtained are then applied to welding prob- 
lems. It is shown that these solutions are in good agree- 
ment with the experimental results, and that they afford 
a close analysis of the factors governing the heat flow in 
welding. The most interesting result of the theory, 
however, is the derivation of a single formula capable of 
predicting the time and rate of cooling with a fairly good 
accuracy for a wide variety of thicknesses of steel, ranges 
of temperature, and welding conditions. An attempt 
has been made also to show how this theory could be ap- 
plied to other problems of metal treatment, such as 
rate of extrusion in continuous casting, or control of 
flame-hardening and continuous quenching operations. 


INTRODUCTION 


HE theory of heat flow due to a moving source so far has 

retained little attention in the general treatment of heat 

flow in metals. Yet the moving source of heat plays an 
important part in many metallurgical processes, notably in weld- 
ing. In this latter case the theory of heat flow due to a moving 
source has been instrumental in establishing a scientific criterion 
of weldability (1).2 Similar applications of the theory are feasi- 
ble ‘in other metallurgical processes, for example, in surface- 
hardening or continuous casting; but the somewhat involved 
mathematical analysis makes it rather hard for the industrial 
engineer to grasp the practical implications of the theory. The 
purpose of this paper is to overcome this shortcoming by putting 
more emphasis on applications. The first part deals briefly with 
the mathematical aspect of the theory; the second part describes 
the experimental work which has been carried out in connection 
with the applications to welding: and the third part outlines 
some of the feasible applications in other metallurgical branches, 


Previots Work 


Apparently the theory of heat flow due to a moving source 
originated in connection with are welding. Many attempts, 
both experimental and theoretical, had been made to describe the 
temperature situation created by the arc welding. Most of these 
early attempts have been reviewed previously (2). Because of 
their approximate nature, there is little point in discussing them 
in the present paper. 

' Massachusetts Institute of Technology. 

* Numbers in parentheses refer to the Bibliography at the end of the 

paper. 
Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Detroit, Mich., June 17-20, 1946, of THe 
AMERICAN Sociery OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


The exact theory of heat flow due to a moving point source was 
first applied to arc welding by the author (3) in 1935, using the 
experimentally established principle of a “quasi-stationary”’ 
state (4). A particular case of the general solution was treated 
independently by Boulton and Lance Martin (5) in 1936. More 
recently, Bruce (6) applied the method of instantaneous sources 
to another particular case of welding and, in 1941, Mahla (7) 
extended this method to a three-dimensional case. The solution 
derived by Mahla does not differ materially from that obtained 
previously on the assumption of the quasi-stationary state, but 
the method is applicable also to nonquasi-stationary states, as 
shown in a later section. Unfortunately, in most cases the solu- 
tion becomes too unwieldy for a direct practical application. 


1 THEORY OF HEAT FLOW DUE TO A MOVING SOURCE 
Tue DirFERENTIAL EQUATION OF THE QUASI-STATIONARY STATE 


Nomenclature. The following nomenclature will be used 
throughout the paper: 


q = rate of heat, for ex., cal/sec 
q’ = rate of heat per unit length 
q” = rate of heat per unit section 
» = speed of source 
T = temperature 
t = time 
k = heat conductivity of metal. When expressed in C.G.S. 
units the dimensions of k are cal/see em deg C 
1/2\ = thermal diffusivity of the metal. The dimensions of 


= in C.G.S. units. On the other hand, 
sec 


sq 


diffusivity are 


c 
if c is specific heat and p density, 2\ = = 


Assumptions. Assumptions will be made as follows: 
(a) The physical characteristics of the metal, i.e., k and X 
are independent of the temperature. 
(b) The speed v and the rate of heat input q are constant. 
The Quasi-Stationary State. The differential equation of heat 
flow expressed in rectangular co-ordinates (z, y, z) which are 
referred to a fixed origin in the solid, has the well-known form 
oT OF oF oT 
Assume now that the heat is supplied by a point source of strength 
q moving with a constant speed v along the z-axis, and deter- 
mine the temperature distribution around the heat source. This 
amounts to writing the differential Equation [1] with the point 
source as origin. To this end, replace in Equation [1] z by § = 
z-vt, where — is the distance of the point considered from the 
point source, and differentiate with respect to & There follows 
oT oF oF oT oT 


oy? + 2dv dE + 2r [2] 


Experiment shows (4) that if the solid is long enough as com- 


3 The notation by means of a converse symbol multiplied by 2 is 
used here for the sake of convenience as will appear later. 
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pared to the extent of heat, the temperature distribution around 
the heat source soon becomes constant. In other words, an ob- 
server stationed at the point source fails to notice any change 
in the temperature around him as the source moves on. This 
state of heat flow is called quasi-stationary, and is defined by 


oT 
Equation [2] in which = = 0, i.e. 


eT err or oT 
— + — + — = [3] 
og? dy? dE 
Equation [3] can be simplified by putting 


where 79 is the initial temperature of the solid and ¢ is a function 
to be determined. After substitution of Equation [4] in [3] and 
reduction of terms, the following equation is obtained 

XY 


-4 
DE dy? + = [5] 


or in the usual symbolic form 


Thus Equation [1] is reduced to a relatively simple form, 
which provides ready solutions for an infinite and semi-infinite 
solid, as will be shown presently. 


INFINITE AND SEMI-INFINITE SOLID 


oT OT 
Linear Flow of Heat. In thiscase — = — = 0, and Equation 
oy = 
[5] is reduced to 
d?y 
The boundary conditions are 
aT 


Furthermore, considering a plane source with a rate of heat q’” 
per unit area 


dT 
A general solution of Equation [7] can be written as follows 
hence 
T —T, = + Cy... [11] 


With reference to Equations [8] and [9] it is easy to see that C; 
= 0 when =< 0, hence for § << 0 


Likewise C; = 0, when‘ ¢ > 0, hence for § > 0 
Also, since T — T, must have the same value for § = 0 
Ci = C2 
On the other hand, with reference to Equation [9] 
= q” 


4 This because = 7) for = 
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or, since 
2rv\k = cp 
hence for § < 0 
and for >0 
cpv 


From Equatin [16] it follows that q”/cpu is the rise of tem- 
perature at the location of the source, i.e., for & = 0, and corre- 
sponds to the maximum value of temperature reached in the solid. 
Equation [15] shows that once this temperature has been reached, 
it remains even after the source has moved further. This, of 
course, is the result of lack of surface losses. Calling 7; the 
maximum temperature in the solid, Equations [15] and [16] be- 
come finally 
foré<0 


>0 


Heat Dissipation; Infinite Rod. If temperature gradients in 
the cross section of the rod are neglected, Equations [17] and 
[18] can be made to include heat losses through the surface. 
Assuming Newton’s law of radiation, the rate of heat losses 
through unit surface area is given by the following formula 


... [18] 


Here T is the temperature of the surface and 7 is the tempera- 
ture of the surrounding medium which we shall assume to be the 
same as the initial temperature of the rod; h is the heat dissipa- 
tion. In problems of heat flow in metals it is customary (8) to 
use the ratio of heat dissipation to heat conductivity 


H will be called the dissipation ratio. 
With this in mind, the differential equation of linear heat 
flow with surface losses has the following form (9) 


er or PH 
2 — + 21 


Here P is the perimeter and A the area of the cross section of the 
rod. For the case of the quasi-stationary state this equation 
can be reduced, as easily seen from Equation [6], to 


and the solution corresponding to Equations [17] and [18] can 
be rewritten to read 
for=<0 


T = + + PH/A— [23 
and for § > 0 

T = Tot (T—Tr)e~(V Or)? 
The rate of heat per unit area delivered to the rod is corre- 


spondingly 
<0 


Ss, 
h 
k 
ig: 
dy PH 
ae Ov)? + —- 
4 
OG 
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= k(T; — wv)? + PH/A —w]..... (25] 


fort > 0 
= — Te) (VQ)? + PH/A +] 


Various applications of the foregoing equations will be found 
in Parts 2 and 3 of this paper. 

Two-Dimensional Flow of Heat. In this case the heat flows in 
two directions, one of which is the z- or &direction. The other 
direction will be taken along the y-axis, and there will be no flow 
in the z-direction. Thus 07'/0z = 0, and Equation [5] becomes 


[26] 


Oy 
[27] 
oy? 
The boundary conditions are 
oT 0 as ) 
[28] 


as y— { 


oT 0 


and, by considering a circle 2xr drawn around the heat source 


Vit + y? 


with r 


forr— 0. [29] 
or 
where q’ is the rate of heat of a linear source. 

Because of the nature of the boundary conditions and the 
symmetrical form of Equation [27] with respect to — and y, ¢ 


depends only upon the distance r from the heat source, hence 
Equation [27] becomes in cylindrical co-ordinates® 
1 dg 
dr? r dr [30] 


The solution of Equation [30] satisfying the boundary Condi- 
tion [29] is known; it is the so-called modified Bessel function of 
the second kind and zero order, and is represented by the symbol 
Ko(dvr) (10). 

It can be shown that this function tends to In r as r tends to 


Thus Ko(dor) 


dKy 
zero, hence 7 x r tends to a constant value. 
dr 


fulfills the Condition [29]. On the other hand, this function tends 


—— as r tends to infinity, whereby the boundary 


Condition [28] also is satisfied. The solution of the two-dimen- 
sional case therefore is 


T — Ty = 
This solution will be discussed in Part 2 in connection with the 
welding of thin plates. : 

Thin Plates; Surface Losses. If the thickness g of the plate is 
small enough to neglect the temperature gradient in the z-direc- 
tion, Equation [31] can be made to include heat losses through the 
surface. Calling H and H’ the dissipation ratios at top and 


bottom face of the plate, respectively, and noting that PH/A 


H 
simply 


appearing in Equation [22] becomes : , there 
follows 

1 de + H’ 


hence the solution 


* Refer to (9), p. 12. 


AND ITS APPLICATION TO METAL TREATMENTS 


2xakg g 


where g/g, which appears instead of q’, is the rate of heat per unit 
thickness, and q is the total rate of heat of the linear source. 
Linear Source of Variable Strength; No Surface Losses. In 
previous discussion it has been assumed that the rate of heat q’ 
per unit thickness was a constant. If this rate varies along the 
thickness, an appropriate solution similar to Equation [31] can 
be obtained by means of cosine series. To this end develop 


851 


function q’ (z) in Fourier series, between z = 0 and z = Sup- 
pose this function reads as follows 
q'(z) = q'(O)ZA, cos —.............. [34] 
0 g 


Since q'(z)¥s a cosine function of z, the same must be true for 
¢ by virtue of Condition [29]. Thus the differential Equation 
[30] must be completed by adding the second - ‘rivative with 
respect to z, to read as follows 


oz? 


or? 


1 


+ - — — (dv)? =0......... 


+ r or 


It is easy to see that this equation is satisfied by a function of 
the form 


cos Ko + (=) 
g g 


Hence with reference to Equation [34] 


n 
g g 


= 


Solution [37] has been applied to the problem of flame-cutting, 
and the reader is referred to a previous publication for further 
developments (11). 


Three-Dimensional Flow. In this case the boundary condi- 


tions are 
oT/oz —> 0 for z +0 


and by considering a spherical surface 4rR? drawn around the 
heat source with radius R = / £2 + y? + 2? 


= 4nR*k for R +0 
— 

where q is the rate of heat of a point source. 

Because of Conditions [38] and [39], and the symmetrical 
form of the differential Equation [5], ¢ depends only upon the 
distance R, hence using polar co-ordinates Equation [5] can be 
rewritten as follows’ 


It is easy to see that 
dR?" R dR? 
hence Equation [40] becomes 


4 
4 sy 


A solution of Equation [41] satisfying the boundary Conditions 
[38] obviously is 


or 


This solution also satisfies Conditions [39] since be X FR? tends to 


a constant value as 0. Hence the corresponding tempera- 
ture distribution 


This solution will be discussed in detail in connection with 
welding in Part 2. 


SoLip BounDED By PLANES 


The Method of Images. If the quasi-stationary state is to be 
preserved, the solid cannot be bounded by planes perpendicular 
to the direction of motion. However, the state can still remain 
quasi-stationary if the bounded planes are parallel to the direc- 
tion of motion. This circumstance leaves out the linear flow, 
but retains the two- and three-dimensional flows. Assuming 
there is no heat loss through the bounding planes, the method of 
images can be used conveniently to obtain the required solutions.® 
It will be recalled that in this method fictitious sources are as- 
sociated with the real source of heat in such a way that the bound- 
ing planes become planes of symmetry. Such an arrangement 
fulfills the condition of no radiation, and it is accomplished by 
locating the fictitious sources at the mirror reflections of the real 
source, the bounding planes acting as the corresponding plane 
mirrors. 


A 
VU 
x(§) 
| 
! 
| 


Fic. 1 Sorip BounpEp By PLANES PARALLELED TO DIRECTION OF 


MorTION 


Two-Dimensional Flow. With reference to Fig. 1, the problem 
consists of determining the temperature distribution in a plate 
of width a and thickness g, heated by a linear source traveling 
along one of its edges. In accordance with the method of images 
just explained, imagine the plate extended to the size of a semi- 
infinite plate. Then the temperature due to the source q dis- 
tributed over the thickness g would read, with reference to 
Equation [31] 


T—T = e— 
akg 
To this value now add the contributions of the mirror reflections 
of the source with respect to mirrors placed at y = 0 and y = a. 
These contributions are of the form 


akg 


® Reference (9) p. 158. 
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where 
r, = # + (y + 2na)? 


Hence the solution becomes 
n=-+o 


> [45] 


T— To +. 
akg 


From the way this solution has been built it is obvious that 


for y = aand y = 0, which fulfills the boundary conditions along 
the two edges. Condition [29] also is fulfilled, for of all the 
terms Ko(Avr,,) which compose the solution, Equation [45], only 
the term Ko(Avr) contributes to the value of q’ = q/g, the deriva- 
tives of the other vanishing as r when being multiplied by 2zr. 
It remains to prove that 


This can be done best by transforming Equation [45] into a 
By proceeding as explained in Appendix 2, the 
following expression is obtained 

Foré>0 


Fourier series. 


cpagv My a 

and for 0 

T—T) = —|1+ — |]... [49] 

cpagv a 


where 


and cp is the volume specific heat. 

By differentiating Equations [48] and [49] with respect to £, 
it is seen that the derived expression tends to zero for & tending 
to both + and — infinity as required by Conditions [47]. 

The characteristic feature of solution, Equation [49], is that 
it tends to a constant temperature, which is different: from the 
initial temperature 7’, after the source has moved away from 
the section considered. Calling 7; the new temperature, there 
follows from Equation [49] that, if & ~ — 


The meaning of Equation [51] is very simple. It represents a 
uniform rise of temperature produced by the heat qg in a volume 
of plate covered in unit time and can be explained as follows: 
Because of the quasi-stationary state the temperature situation 
around the heat source remains unchanged, and since there are 
no surface losses the amount of heat delivered in unit time must 
be employed to raise the temperature of an additional volume of 
plate = agv far behind the source. 

Putting Equation [51] in Equations [48] and [49], there 
follows 

For~>0 


3 
Mn 
1 


a 


Re = [42] 
Pe 
oT 
oy 
T — Ty) = e~ ——............. [48] 
4rk R 
it x re) T 
og 
q 
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and for —& < 0 


why 
cos 


2 


Mn 


T —T> = (72 — To) | 1 + (un—1)dAvé .(53] 


By comparing Equations [52] and [53] with Equations [17] and 
[18], it is seen that the two-dimensional flow in a solid of a limited 
cross section tends to become linear at some distance from the 
source, and from Equation [50] it is apparent that this distance 
is so much shorter as the value of Awa is smaller; for) example, 
as the plate is narrower. This trend is represented in Fig. 2 by 


A 
1.10 1.6 2.2 + 110 5 
? 7 
1.0 (0) 
| | 
| 
09 0.7 05 
> 


Fic. 2. TEMPERATURE DISTRIBUTION IN THIN AND NARROW PLATE 
Dve to Heat Source Movine ALonG OnE or Its EpGeEs 
(Initial temperature taken as zero and final temperature as 1.) 


means of isotherms, which for convenience have been marked 
in terms of the relative temperature U = — — To). 
The value of Ava has been taken arbitrarily as 2. It is seen that 
in the upper half of the plate the relative temperature rises from a 
value = 0 in front of the source to a maximum which is greater 
than 1 in the vicinity of the source and then drops progressively 
down to 1 behind the source. The maximum temperature is so 
much more in excess of 1 as the layer under consideration is closer 
to the edge passed by the heat source. On the other hand, layers 
of metals which are close to the opposite edge never exceed 1. 
They approach this value asymptotically as the flow becomes 
more linear. This last situation is virtually reached in Fig. 2 at 
a distance which is smaller than twice the width of the plate. 

For many practical applications, especially flame-hardening 
and quenching, solutions, Equations [52] and [53], have the 
disadvantage of becoming infinite at the location of the source. 
This, of course, is a direct consequence of the assumption that 
the heat source is reduced to a line. A more practical solution 
may be obtained by removing this restriction as will be shown 
later. 

Two-Dimensional Flow; Plane Source. The inconvenience of 
having an infinite value of temperature at the location of the 
source disappears if the latter instead of being a single line is 
spread over a certain area, i.e., if it becomes a plane source. 
To demonstrate this proposition, suppose a source with a rate of 
heat = q” per unit area covers the edge of the plate, Fig. 1, from 
point £’ = 0 to point ¢’ = This source can be represented as 
being composed of an infinite number of infinitely small linear 


sources q"dé set side by side from &’ = 0 to &’ = Ll. If q” is con- 


stant, then q” = = where q is the rate of heat of the plane source, 
g 


hence q"dt’ = =, On the other hand, according to Equations 


[48] and [49], a linear source of strength : : placed at a distance 
g 


£’ from the origin contributes to the temperature of a point £, y 
in amount of 


—2do(E- 8") 4 2 (unt ogg TY [54] 
cpagul My 


for — > £’, and in amount of 


qdé’ 2 , 
E + — cos ‘| [55] 
cpagul a 


for < &’. Three cases may be distinguished, according. to 
whether the point &, y is located outside or inside the portion of 
plate covered by the plane source. 


Case 1. If & > 1, Equation [54] applies to all elementary 
sources from £’ = 0 to &’ = l, and by integrating Equation [54] 
from = 0 to = l, there follows 

q (e~ _ 
T—T=- > 
n+1) __ 
dol a 

Case 2. If & < 0, it is Equation [55] which applies to all ele- 
mentary sources; hence by integrating Equation [55] from 
t’ = Oto é’ = 1, there follows 

q 2 1 — (un—1) 
cpagv + — 1) rol 
X DME cog [57] 
a 
Case 3. Finally, if 1 > — > 0, Equation [54] applies to all 


elementary sources for which 0 < &’ < & and Equation [55] 
applies to all sources for which — < &’ < l. By integrating each 
of these expressions within the limits of its applicability, we have 


cpagv ol l 
n+ 1)Avé 
+ 1) a 


+ 
— -1) a 


It is easy to see that the maximum value of temperature oc- 
—=0,y =0. For this point 


T—T = 


curs at 


1 — 


epago — 1) dul 


On the other hand, it follows from Equations [57] and [51] that 
for § > —o, the temperature tends to the same constant value 
T; as in the case of a linear source. Therefore Equation [59] 
can be rewritten to read 


| 2 1 
T,— To. = (T:—T») 1 
1—To = (T: 0) + > | 


. [60] 


. [59] 


If the heat instead of being delivered is absorbed by the source, 
e., if the latter is replaced by a sink, then 7) > T, > 7:, and 
Equation [60] becomes 


—T, = (To—T:) | 1 


(61) 


Both expressions, Equation [60] as well as [61], can find suita- 
ble applications in metal treatments, the former in flame-harden- 
ing, the latter in continuous quenching, as will be shown later in 
Part 3. 

Remark. By comparing Equation [61] with Equation [53] 
it is seen that the former is represented by a series of the form 


‘ 
e 
: 
a 
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1/n(n — 1), while the latter is of the form 1/n. But the series 
1/n(n — 1) is known to be absolutely convergent, whereas the 
series 1/n is divergent, if all terms are positives, and this is what 
happens at the location of the source, for which § = 0 and y = 0. 

Three-Dimensional Flow. Solid bounded by planes z = 0 
and z = g; no surface losses. 

Following the pattern developed in the preceding section, 
imagine first the solid extended in the z-direction from z = 0 to 
z = ©, covering one half of the space. Then the temperature 
due to the source of strength q located at § = 0, y = 0,2 = 0 
would read with reference to Equation [43] 


q 


The factor 2 in Equation [43a], as compared to 4 in Equation 
[43] accounts for one half of the space. 

To Equation [43a] add now the contributions of the mirror 
reflections of the source with respect to planes z = 0 and z = g. 
These contributions are of the form 


where 
R, = Vi + y? + (@ 2ng)? 
Hence the solution reads 
[63] 
R,, 


—@ 


for z = 0 and z = g, which fulfills the condition of no radiation. 
Condition [39] also is fulfilled, since the derivative of all terms 
of Equation [63] tends to zero as R, when being multiplied by 
R?, except the derivative of the term n = 0, which becomes a 
constant when being multipled by R?. 

Finally it is easy to see that 


oT/0 0 


ast 
oT /dy — 0 


which fulfills the first two Conditions [38]. 

By a procedure similar to that explained in Appendix 2, solu- 
tion of Equation [63] can be transformed into a Fourier series to 
read 


= | + 


Ky E + (=) cos [66] 


The similarity between Equations [66] and [31] is obvious. 
In fact, both solutions become practically identical for large 
values of r. This means that the solid behaves more and more 
like a thin plate as the distance from the heat source increases. 
Conversely, for values of r which are small as compared to the 
thickness g, Equation [63] differs little from Equation [43] 
which has been derived for an infinitely thick plate. This twofold 
aspect of solution [63] or [66] is well evidenced in the behavior 
of butt-welded plates, as will be demonstrated in Part 2. 
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Sotip BouNDED BY A CYLINDER 


Because of the condition of the quasi-stationary state, the axis 
of the cylinder must be parallel to the direction of motion, and in 
most cases of practical interest it will coincide with the path of 
the moving source. Even so, it does not appear possible to obtain 
a simple solution of this problem. Recently, R. H. Cameron and 
the author have worked out a solution which, although far from 
being simple, is believed to be practically usable. However, be- 
cause of the somewhat involved mathematical treatment of the 
solution, the presentation of their work is reserved for a separate 
publication. 


2 APPLICATION TO ARC WELDING 
oF Fusion or ELEcTRODE 


In the process of welding, the heat generated by the arc causes 
the electrode to melt, thus providing the metal necessary for 
joining the parts to be welded. Assuming the electrode is long 
enough with respect to its diameter and neglecting the heat 
generated by the Joule effect, the process of melting for the first 
few inches of the electrode can be looked upon as being of a quasi- 
stationary nature, in so far as the temperature distribution 
around the welding arc is concerned. The rate of melting of the 
electrode is then the speed with which the arc moves along the elec- 
trode, and the temperature 7 at a point located at a distance £ 
from the arc is equal, according to Equation [18], Part 1 


T = + (T;— Tee [67] 


Here, 7» is the initial temperature, 7, is the temperature at the 
location of the are, i.e., the temperature of fusion, 2 is the con- 
verse of thermal diffusivity, and v is the rate of fusion. 

Equation [67] assumes that there are no surface losses, in other 
words, that the electrode is perfectly insulated. This assumption 
is an approximation but it offsets to a great extent the error 
introduced by neglecting the Joule effect in the electrode. That 
this is so is proved by the fact that the relation between the 
rate of fusion v and current density i, derived from the foregoing 
assumptions, is in good agreement with the experiment. This 
relation is obtained as follows: 

It has been shown in Part 1 that in the absence of surface losses 
the rate of heat q” absorbed in the electrode per unit area is 


cp is the specific volume heat content (c specific heat, p density), 
and 7), 7’, and v, as previously, the temperature of fusion, the 
initial temperature, and the rate of fusion, respectively. On the 
other hand, q” is a fraction of the heat generated by the are, which 
is proportional to the product VJ, where V is the voltage drop 
across the arc, and J is the current intensity. Experiment shows 
that for a given type of electrode the voltage drop V is fairly 
constant within a large range of current densities, and that for 
various types of coated-steel electrodes it varies between 25 and 
35 volts. Thus for a given type of electrode of a diameter d, it is 
possible to write 


where f is a constant (13). 
Substituting in Equation [68], there follows 


fl 


(T; — To)epv 


hence 


AvR 
———............ [48a] 
R 
or From the way this solution has been built it is obvious that 
oT ‘ 
......... 
awd? 
” 
4 
3 
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where 


J 


fo = — 


Relation, Equation [70] has been checked experimentally and 
has been found to hold within a reasonable degree of accuracy for 
moderate current densities and for the first 3 to 4 in. of the 
electrode. The values of fo reported in the literature for a mild- 
steel electrode lie between 1.24 & 1073 and 1.56 & 1073 cu in. 
per amp per min. 

Substituting Equation [70] in [67] there follows 

T = Ty + (T; — To)e~ 


or putting 


T = T, + (T, — Tre F%......... [71] 
where 

SAfo 

fi= (72) 


In Fig. 3 the ratios of (7 — 7>)/(7; — To) have been plotted 
against the distance ¢ from the location of the arc in inches, for 
four different values of current density, namely, 145, 165, 185, and 
240 amp. These values may be considered as being within worka- 
ble range of current intensities for a °/3:-in. mild-steel electrode. 
The following values were used to calculate the factor f’ appear- 
ing in Equation [71] 


2\ = 1.00 sq in. per min 


fo = 1.25 X 1073 cu in. per amp per min 


d = in. 
10 
oe 


RELATIVE TEMPERATURE 
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Fic. Temperature DistrisuTIon ELECTRODE 
FOR VARIOUS CURRENT INTENSITIES 


It appears from Fig. 3 that the higher the current intensity 
the shorter is the range over which the electrode is affected by 
the heat of the arc. This condition is well illustrated in F ig. 4, 
which shows macroetched sections made through the axis of a 
*/a-in. electrode submitted to the current intensities mentioned. 
Because of the recrystallization process the part of the electrode 
which has been heated beyond some 950 F responds more readily 
to the etching (10 per cent solution of nitric acid) than the rest 
of the electrode. It is seen that in accordance with diagrams, 
Fig. 3, the extent of the recrystallized zone is greater for the low 
current intensity than it is for high current intensity, see also 


Fic. 4 Heat-Arrecrep AREAS IN MILD-STEEL ELECTRODE FOR 


VaRIous CURRENT INTENSITIES 
(Courtesy The Welding Journal.) 


line NN’, Fig. 3, corresponding to the temperature of recrystal- 
lization of mild steel (7; — T/T, — Ty & 0.32). 


Arc-WELDING OF THIN PLATES 


Temperature Distribution in an Edge-Welded Plate. The valid- 
ity of Equation [31], Part 1, in the case of are welding was tested 
experimentally by Schmerber and the author (12). They de- 
posited a weld layer at a constant rate along one of the edges of a 
flat bar, 5.5 in. wide, and measured the variation of temperature 
in the bar produced by this operation. Assuming no losses of 
heat through the surface, the temperature can be taken as being 
uniform through the thickness. Hence the heat flow is of a two- 
dimensional nature, and Equation [31], Part 1, is applicable. 
For the purpose of computation, a constant value of heat con- 
ductivity k was adopted = 0.1 cal per deg C per em per sec, but 
the diffusivity coefficient 1/2A was made to vary according to a 
linear law with the temperature. Under these circumstances, 
the agreement between the measurement and computation was 
quite satisfactory, except at the immediate neighborhood of the 
arc, Fig. 5. There, the computed isotherms were closer to the 
origin than the measured values. This discrepancy could be ex- 
plained by the fact that the theory considered the source of heat 
as a line, whereas in practice the source of heat had a finite size. 

Rate of Cooling in Thin Butt-Welded Plates. On the basis of 
the foregoing experiment it can be expected that Equation [31] 
will be applicable also to the case of thin butt-welded plates. 
Hess and his co-workers (14) determined experimentally the rates 
of cooling produced very near to the weld in plates of various 
thicknesses. If the temperature is assumed constant through the 
thickness, these rates of cooling can also be derived from Equa- 
tion [31] by differentiating the latter with respect to time. In 
so doing, attention is called to the fact that in the present applica- 
tion the rates of cooling are measured at some distance from the 
location of the heat source. Hence, according to the theory of 
Bessel functions (10), Equation [31] can be reduced to a more 
simple expression to read 


q 


Y2nor 


where 7’ is the temperature measured at a distance r = V E24 y? 
from the source, Ts the initial temperature, q the rate of heat 
input, v the speed of the source, and k, cp, and 1/2 = k/ep as 
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(Continuous lines, calculated; broken lines, experimental. 
speed, 0. 43 cm per sec or 10.lipm. L2, L3, ’R7, 


previously, the heat conductivity, volume specific heat, and heat 
diffusivity, respectively. 

Along the weld, y = 0, hence r = /£/; also & = 
Equation [73] can be further simplified as follows 


—vt, hence 


T—T.= 


2 Wiz 


Expression q/gv represents, as it is easy to see, the amount of heat 
per unit section of plate, measured in the direction of welding. 
In practice, the welding conditions are defined by another value 
more readily determined, namely, the total amount of energy 
J/gv per unit section of plate supplied by the arc, expressed in 
joules per sq in. This value is related to the former by a coeffi- 
cient which defines the heat efficiency of the arc, and which Hess 
and co-workers represented by the symbol (I.F.) input factor. 
Thus 


J 
T—To ( X— K [75] 
kepr Vt 
or 
(T — T.) Vt = C (independent of time)....... [76] 
By differentiating with respect to time there follows 
aT 1T — 
— +- = 0 
dt 2 Vt 
or 
dT Fe 77 
dt [77] 


Equation [77], due to Hess and co-workers (14), states that the 


‘remperature Distribution 


A, Current, 93 amp; welding speed, 0.21 cm per sec or 4.95 ipm 


25mm 


Fdge-Welded Plate 


Fic. 5 TEMPERATURE DISTRIBUTION IN EpGE-WELDED PLATE 


B, Current, 141 amp; welding 


R6, R10 are different specimens. Courtesy The Wel: ling Journal. ) 


rate of cooling at a given temperature 7’ is proportional not only 
to this temperature but also to the converse of time ¢ that it has 
taken for the point considered to cool down to the temperature T 
after the welding are has passed through this point. In this re- 
spect the rate of cooling in welding is quite different from the rate 
of cooling in quenching, for which no dependence on time is as- 
sumed (15). As will appear later, the factor 1/2 at the right-hand 
side of Equation [77] is characteristic for the two-dimensional 
problem of welding. 

If time ¢ is eliminated from Equations [77] and [75], the 
following expression is obtained 


— x (2) x [78] 
or 
aT\') J 
) vg xX (T — T») [79] 


Since the right-hand side of Equation [79] is a constant for a 
given type of steel, electrode, and temperature 7’, the product on 
the left-hand side also must be constant, no matter what are the 
individual values of rates of cooling, energy inputs, and thickness. 
This condition has been tested for the case of !/s-in. and !/:-in. 
butt-welded plates using experimental results of Hess and co- 
workers (14), obtained very near to the weld.?’ When the products 
figuring on the left-hand side of Equation [79] are plotted as a 
function of rates of cooling at 1300 F, the diagram, Fig. 6, is ob- 
tained. From this diagram it appears that the 1/,-in. butt-welded 
plate behaves like a thin plate for all rates of cooling at 1300 F, 
while the !/:-in. plate behaves like a thin plate only for rates of 


7 It can be shown that the rate of cooling very near to the weld is 
not appreciably different from that in the weld itself. 
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RATE OF COOLING AT !1300°F, °F/SEC 


Fic. 6 Two-Dimensionat Heat 1Nn '/e '/2-IN. Burt- 
WeELpED PLATES as EvipENcED BY CONSTANT VALUE OF PRopUCT 
INDICATED 


cooling at 13800 F which are smaller than 50 deg F per sec. The 
reason for this discrepancy will be discussed later. 
Arc WELDING oF THick PLATES 
Rate of Cooling in Butt-Welded Plates. Following the ideas 


developed in the section on the are welding of thin plates, it may 
be anticipated that since Equation [31] has approximated fairly 
well the conditions of heat flow in butt-welded plates, Equation 
[43] may approximate likewise the conditions of heat flow in 
thick butt-welded plates. If the observation is limited to the 
surface of the weld, the distance FR, figuring in Equation [43], 
is simply the distance /£/ covered by the are in a given period of 
time t; thus 
T— To x 
2rk 
Equation [80] does not contain explicitly the speed v, and it does 
not depend upon the diffusivity of the material. In fact the same 
expression is obtained, if the point source instead of being in 
motion remains stationary, except that in this case — represents 
not only the distance behind the source, but the distance from 
the source measured in any direction.’ On the other hand, if & 
is expressed in terms of the distance covered by the arc in time ¢, 
then & = vt, and Equation [80] becomes 


1 q 1 
The quantity (q/v) represents the heat input per unit length and 
is to be compared with a similar quantity (¢/vg) used in the 
study of thin plates. As in the latter case, we shall write 


/v = 


where J/v represents the total energy input of the are per unit 
length and (1.F.) the heat efficiency of the are. With reference to 
Equation [82], Equation [81] may be rewritten as follows 


(T — To) X t = C (independent of time)... ... [83 ] 
Hence by differentiating 
dT 
... [84] 


This expression, also due to Hess and co-workers (14), differs from 
Equation [77], derived previously for the rate of cooling in a thia 
plate, only by the absence of the factor 1/2. Thus if conditions 


5 Reference (9) p. 151. 


of welding are such that the same temperature T is reached at the 
same time ¢ in both the thin and thick plates, the rate of cooling 
still will be twice as great in the thick plate as in the thin one. 
If time ¢ is eliminated from Equations [84] and [81], then with 
reference to Equation [82] the following formula is obtained 


dT 2xrk 


v 
dt ap) ' 
or 
dT 2xrk 


The right-hand side of Equation [86] is a constant for a given 
temperature and a given material, hence the product on the left- 
hand side also must be constant for any particular value of rate 
of cooling, energy input, and speed. 

Although, strictly speaking, this condition holds only for the 
points of weld deposit for which R = é, points of the base metal 
very close to the weld may be expected to satisfy the condition 
mentioned with a reasonable degree of accuracy. With this in 
mind, experimental results of Hess and co-workers (14) on 1 and 
1'/.-in. steel plates have been used to compute the products 
figuring on the left-hand side of Equation [86] for various rates of 
cooling at 1300 F. When plotted as a function of these rates, 
they gave a fairly constant value, Fig. 7. The values for the 1'/3- 
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in. plate are in general more consistent than those for the 1-in. 
plate. Thus the 1'/.-in. plate and to some extent also the 
l-in. plate behave under the particular condition of cooling like 
plates of infinite thickness. 

Determination of Heat Diffusivity From Rates of Cooling in Thin 
and Thick Butt-Welded Plates. If rates of cooling have been 
determined for a particular temperature 7 and known conditions 
of welding in a thin and thick butt-welded plate, then assuming 
the same heat efficiency (I.F.) in both cases, there follows when 
Equation [75] is divided by Equation [85] 


but 


hence the diffusivity 


ar JF... 
\ 1 |< x 4 thick plate 


... .[88] 


2. 2x(T — T») | x thin plate 
dt vg 


’ 
ar. 
at v 
cp 
2k 
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Substituting in Equation [88] the values taken from Figs. 6 
and 7, for the '/,-in. and 1'/2-in. plates, respectively, the value of 
the diffusivity becomes 


1 1 


2n(1300 — 68) 


in.? 
—— m= 0.0112 — 
(590 X 10%)? sec 


sec 


as against the value of 0.0685, computed for pure iron from the 
data of the International Tables for 1300 F (16). 

Considering the uncertainty attached to the determination of 
the heat conductivity k, and the probable error of measurements, 
this agreement appears quite satisfactory. However, it must 
be borne in mind that the assumption on which Equation [88] 
is based precludes any variation of the diffusivity with tempera- 
ture, hence the value of 0.072 sq cm per sec must be regarded 
as an average rather than as a particular value of the diffusivity. 

Temperature Distribution in Thick (and Thin) Arc-Welded 
Plates. On the basis of the foregoing results it can be assumed 
that the application of Equation [43] will yield a satisfactory 
picture of the temperature distribution during welding in thick 
butt-welded plates. More specifically, the conception will 
apply to a situation created by a top weld layer when the plates 
have been allowed to cool down to the room temperature. This 
situation is represented in Fig. 8 for various conditions of weld- 
ing by means of a family of isotherms drawn around the in- 
stantaneous position of the electrode (11). Because of the quasi- 
stationary state of heat flow, the same figure may be used to de- 
pict the variation of temperature at a given section of plate and 
at various instances of welding. 

For the purpose of computation, the following values were 
substituted in Equation [43], using C.G.S. units 


q = 0.239 (I.F.) X V X I where 0.239 is the thermal 

equivalent of watts 
(I.F.) = heat efficiency of arc assumed = 0.65 (12) 

V = voltage drop in arc assumed = 25 volts (12) 

I = current intensity in amp, variable 

k = heat conductivity—0.1 cal per em per deg C per sec, 
for steel and 0.485 cal per cm per deg C per sec for 
aluminum 

\ = one half of the converse value of diffusivity, assumed 
= 5 sec per sq em for steel and 1.2 sec per sq cm for 
aluminum 


The main characteristics of the temperature distribution ob- 
tained under these conditions, Fig. 8, are as follows: 


1 The rise of temperature in front of the heat source is much 
steeper than the fall of temperature behind the heat source. 

2 Because of the fact that the heat does not propagate in- 
stantly in metals, the temperature does not pass through the 
maximum at the same time at various points of the same cross 
section. There is a lag at points which are farther away from the 
weld, as shown by curve n-n connecting the points of maximum 
temperature. This lag is a function of the speed of welding and 
diffusivity of metal (compare Fig. 8, A, B, and D). 

3 Considering an instantaneous position of the electrode, 
curve n-n separates points in the solid with rising temperature 
from points in the solid with falling temperature. 


As for the influence of the welding conditions, it is seen that: 


1 An increase in the speed of welding, Fig. 8, A and B, 
produces a greater lag in the temperature distribution at a given 
cross section, hence the heat is more concentrated around the 
heat source. However, the temperature distribution along the 
line of welding, behind the electrode, remains unchanged, in 
accordance with Equation [80]. 
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Fic. 9 


2 An increase in the current intensity, Fig. 8, A and C, 
extends the range of heat in the solid, but does not affect the shape 
of isotherms. 

3 An increase in the heat conductivity and diffusivity of 
metal, Fig. 8, C and D, affects both the shape and the size of iso- 
therms. The increase of the range of heating in front of the 
electrode is especially noteworthy. 

4 An increase in the initial temperature, i.e., the preheating, 
causes a corresponding increase in the numerical value of each 
isotherm, but does not change its shape or size. However, the 
preheating has a marked effect upon the rate of cooling, as shown 
by Equation [85]. This effect is discussed in more detail in the 
experimental work on weldability (14) and (17). 


Basically the same conclusions apply to thin welded plates, 
as can be easily demonstrated by means of Equation [73]. How- 
ever, there is a fundamental difference in the conditions of weld- 
ing of a thin and thick plate, due to the different nature of heat 
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flow. This difference is well apparent in the shape and size of 
isotherms drawn in Fig. 9. 


APPLICATION TO AcTUAL WELDING PRACTICE 


Determination of Cooling Time. In so far as welding practice 
is concerned, neither of the solutions already discussed is quite 
satisfactory. Because of the finite thickness of plates, the condi- 
tions of welding seldom correspond to that of a very thin or very 
thick plate. At a short distance from the are there is a con- 
siderable temperature gradient through the thickness, but as the 
arc moves away from the section considered, the temperature 
becomes more uniform across the thickness. Thus the heat flow 
changes from a three-dimensional state to a two-dimensional one, 
as the distance from the are increases. This condition has been 
discussed in Part 1, and an appropriate solution for this case 
has been obtained in the form of Equation [63]. 

In actual welding practice it is important to determine the time 
required for the weld to cool down to a given temperature, rather 
than to obtain a complete pattern of the temperature distribution 
around the electrode. Under these circumstances Equation [65 | 
can be simplified by writing for a given spot of the weld bead, ¢ 
seconds after it has been deposited on a plate of thickness, g 


y =0; z2=0 
Ry = | ot! ; R, = V/ (vt)? + (2ng)?, n = 1,2,3....(89] 
Substituting in Equation [63], there follows 
q 
Ty) = x xX {90} 
2rk 
where 
e Av*t(sn—1) 
Sn 
and 
s, = R,,/vt 


As previously, the rate of heat delivered to the plate will be re- 
placed by the rate of energy input of thewelding arc, / multiplied 
by the heat efficiency of the are (I.F.), thus 


[92] 
2rk v t 

Equation [92] can be made to correspond “formally” to Equation 

[81] derived for a very thick plate, by introducing a “fictitious” 

time of cooling t* = t/u, which for convenience we shall call the 

“reduced” time of cooling. With this in mind Equation [92] 

can be rewritten as follows 


(LF) J 1 
= x xX [93] 


As seen from Equation [91], the reduced time of cooling depends 
upon the thickness of the plate g, on the speed of welding v, and 
the diffusivity of metal 1/2. Actually, however, the thickness 
is the major factor, and for the usual range of welding speeds, 
from 6 to 12 ipm, the influence of speed can be neglected. 

Fig. 10 shows the relation between the true and reduced time 
of cooling for various thicknesses of steel, assuming a diffusivity 
of 1 sq in. per min and a welding speed of 7 ipm. It is seen that 
as the time of cooling increases, the value of the reduced time 
of cooling, ¢* differs more and more from that of the true time of 
cooling ¢, and so more so as the thickness is smaller. Since Equa- 
tion [93] formally represents the conditions of a very thick plate 
and of a three-dimensional state of heat flow, the discrepancy 


between ¢ and ¢* is a measure of the departure from a three- 
dimensional heat flow. On the basis of Fig. 10 it may be pre- 
dicted that in the vast majority of cases the '/,-in. plate will be- 
have like a very thin plate, and the 1'/,in. plate like a very thick 
plate, and this prediction is in accordance with the findings of 
this and the preceding section. Also, it may be safely stated that 
plates over 1'/, in. thick will always behave like a very thick plate. 
Thus for plates thicker than 1'/2 in. the reduced and the true 
cooling times are the same. 

How well Equation [93] fits the actual conditions of welding is 
best determined by comparing the time of cooling computed 
from this formula using the chart, Fig. 10, with the time of cooling 
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measured in the experimental work of Hess and co-workers (14) 
on steel plates. In doing so, it must be remembered that the 
actual measurements of temperature were made not in the weld 
bead itself, but at a small distance from the bead. However, it 
can be shown that the error due to this factor is small after the 
first 5 to 10 sec of cooling. Another important factor is the proper 
choice of the heat efficiency (I.F.), and the heat conductivity k. 
From previous work (12), the I.F. was assumed to be 0.65. 
As for the heat conductivity k, a few trials showed that the 
value of k = 0.080 cal per deg C per sec fits best the experimental 
results at 1300 F. This value is commensurate with that deter- 
mined previously, Equation [88]. 

Using the values given and expressing the temperature T in 
deg F, the energy input J/v in joules per in., and the reduced 
time ¢* in seconds, Equation [93] reads for the case of butt- 
welded stee] plates as follows 


Figs. 11 to 15, inclusive, show the agreement between computed 
and measured times of cooling for various thicknesses using three 
or four different energy inputs. The agreement in the important 
range of temperatures from 1300 to 575 F, is in general better 
than 5 per cent if no preheat is employed. The agreement is not 
as good with preheated plates, probably because the preheating 
operation was not maintained during welding (14). Notwith- 


standing this discrepancy, the general validity of Equation [93] 
in the range of temperatures from 1300 to 575 F may be con- 
sidered as sufficiently established for practical purposes. 

Determination of Rates of Cooling. By differentiating Equation 
[92] with respect to time there follows that (18) 


| 
7 a l 
T — Ty, = 0.22{ - } — 
v} t* x 
hence the reduced time of cooling ar 
v 
T—Tyv 
£3 
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hence by comparing Equation [96] with Equation [92] 


dT 


Equation [97] is of the same type as Equations [77] and [84] 
for the thin and thick plates, respectively; the only difference is 
that the coefficient (u’/u) instead of being a constant is a function 
of time and thickness, and to a much lesser degree of speed of 
welding and diffusivity. Assuming as previously, the value of 
1 sq in. per min for the diffusivity and 7 ipm for the speed of weld- 
ing, Fig. 16 shows the dependence of (u’/u) on time for various 
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thicknesses of plate. As expected, the values of (u’/u) vary 
between '/, and 1, the line '/2 denoting conditions identical to that 
of a very thin plate and the value 1, conditions identical to 
that of a very thick plate. In accordance with previous results 
it is seen that the '/,-in. plate behaves like a thin plate less than 5 
sec after the cooling process has started, whereas the 1!/2-in. 
plate remains practically under the conditions of a very thick plate 
up to 30 sec of cooling. 

Equations [93] and [97] along with charts, Figs. 10 and 16, 
may be used conveniently for a speedy determination of rates of 
cooling. 

Suppose, tor example, it is desired to determine the rates of 
cooling in a °/,-in, plate when using an energy input of 50,000 
joules per in. The three following temperatures of preheat will 
be examined: 72 deg, 200 deg, and 400 deg F. 

From Equation [93] the corresponding reduced times of cool- 
ing are 11.8, 13.7, and 18.4 see. 

Referring to the chart, Fig. 10, we find for a */,-in. plate the 
true cooling times, namely, 13.5, 18.0, and 30.5 see, respectively, 
and from the chart, Fig. 16, the corresponding values of (u’/u) = 
0.72, 0.64, and 0.54, respectively. 

Substituting in Equation [97], the following rates of cooling are 
obtained: 49.5 deg F per sec, 27.2 deg F per sec, and 10.5 deg F 
per sec, as compared to the values determined by Hess and co- 
workers, namely, 51 deg F per sec, 32 deg F per sec, and 15 deg F 
per sec. As expected, the computed rates of cooling are lower 
than those actually measured for higher temperatures of preheat. 


3 MISCELLANEOUS APPLICATIONS OF 
MOVING SOURCES 


THEORY OF 


INTRODUCTION 


Because of lack of experimental data, the applications de- 
scribed in this part are of a more or less tentative character. The 
purpose of this discussion is not so much to arrive at numerical 
Tesults as it is to find a scientific approach to the solution of the 
problems presented. In view of the suecess which such an ap- 
proach has had in the problems of welding, it is believed that the 
considerations which follow will be of more than academic inter- 
est. 

Rate of Extrusion in Continuous Casting. Continuous casting 
is a metallurgical process in which liquid metal is fed into a die 
and extruded in the form of a solid rod at a constant rate by 
means of a pair of rollers placed behind the die (19). To make the 
extrusion operation possible the rod must leave the die at a 
temperature at which the metal can be hot-worked and which 
consequently represents a given fraction of the temperature of 
fusion. In other words, the die must be capable of removing the 
heat from the cast metal to bring about the required drop of tem- 
perature. If radial temperature gradients in the rod are neg- 
lected, this drop of temperature may be regarded as being pro- 
duced by a linear flow of heat with surface losses. On the other 
hand, by the process of extrusion each section of the rod is moved 
gradually from the inlet of the die where it is at the temperature 
of fusion 7, to the outlet of the die, where it has been cooled down 
to the temperature of extrusion 72. Thus the heat flow is of a 
quasi-stationary nature and Equation [23] is applicable. If the 
die is kept at a constant temperature 7) and if the length of 
the die from the inlet to the outlet is Z, then Equation [23] may 
be rewritten as follows 


T= 


The remaining symbols in Equation [98] have the following 
meaning 


v 


one half of the converse value of diffusivity 
rate of extrusion 
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ll 


P = perimeter of rod 
A = cross section of rod 
H = dissipation ratio, see Equation [20] 


For a circular rod of diameter D, the fraction P/A = 4/D. 
Putting further 
| To [99] 
n —T, n 
Equation [98] becomes 
D 
or 
m? =-2md0L — 
D 
or 
4HD L 
20D = —- X-——m/-......... 101 
m D / D 


Assuming a constant value of m, Equation [101] gives the rela- 
tion between the rate of extrusion v and the mechanical and 
thermal characteristics of the extrusion. The former is repre- 
sented by the ratio L/D which is a function of the friction be- 
tween the die and the cast. 

Since the load-carrying capacity of the rod at the outlet of the 
die has a limiting value, the higher the friction coefficient, the 
smaller the ratio L/D. On the other hand, the thermal char- 
acteristics of the extrusion process are determined (a) by the 
coefficient 2A, which is the ratio of the volume heat capacity of 


P ‘ 
the rod to its heat conductivity k, i.e., = (c = specific heat and 


p = density); and (b) by the coefficient H, which is the ratio of 
the heat dissipation h, and the heat conductivity of the rod, k. 
Thus both 2A and H contain k in the denominator. This fact 
will be brought out later in the discussion. 
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Fig. 17 shows the relation between the rate of extrusion and 
the surface transfer coefficient of the interface between the die 
and the rod for various values of L/D, computed according to 
Equation [101]. For the purpose of computation, the fraction 
T: — T,/T; — T> has been taken as 0.7; thus In 0.7 = —0.36. 
Likewise, dimensionless numbers rather than specific values of 
speed and dissipation ratio have been plotted in order to make 
the discussion more general. Because of the fact that for values 
of L/D > 2 the second term on the right-hand side of Equation 
[101] becomes very small as compared to the first one, the speed 
of extrusion increases almost, proportionally to the coefficient H 
and the relative length of the die L/D. It also increases with the 
ratio H/2\, which as pointed out previously, is nothing else but 
the ratio of the heat dissipation h to the volume heat capacity 
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of the metal. The fact that the heat conductivity of the cast 
metal does not appear in these relations is noteworthy. It shows, 
for example, that other conditions being equal, the rate of ex- 
trusion of copper wire will not be substantially greater than that 
of iron wire, in spite of the much higher heat conductivity, as the 
volume heat capacity is not very much different for these metals. 

To obtain an approximate idea of the order of magnitude of the 
rate of extrusion which can be expected, assume the following 
values for an iron wire 1 em diam (~ 4/s-in.) when cast in a 
metallic die 


h = 0.012 cal per sq cm per deg C per sec (20) 
k = 0.08 cal per cm per deg C per sec (16) 
cp = 1.2 cal per cu cm (16)* 


hence 

HD = 0.15 and 2\D = 15 sec per cm 
Assuming further L/D = 2, 3, and 4, respectively, the following 
values of 2\vD are obtained from Fig. 17: 3.15, 4.8, and 6.6, hence 


v = 0.2 cm per sec, 0.33 cm per sec, and 0.44 em per sec 


Actually, these values may be substantially increased by im- 
proving both the heat dissipation A and the lubrication condi- 
tion between the mold and cast, i.e., the ratio L/D, when using 
graphite instead of metal for the dies (19). At present, none of 
these coefficients is very accurately known to permit more than a 
qualitative statement. However, a method of obtaining a value 
of some of these coefficients is proposed in the following section. 

Method of Determining Value of Diffusivity and Heat-Dissipa- 
ton Ratio. Equations [23] and [24] provide a convenient method 
of obtaining, in a single experiment, the coefficients \ and H, the 
former being one half of the converse value of diffusivity, the 
latter the dissipation ratio. To this end the metal to be tested 
is formed into a thin-walled cylinder and surrounded by the 
medium whose value of H with respect to the metal in question 
is to be determined. A source of heat in the form of a coil is then 
moved inside the tube at a rate which will practically produce a 
uniform temperature distribution in the thickness of the tube, 
and of sufficient intensity to bring the temperature of the tube to 
the desired maximum value. The temperature of the sur- 
rounding medium is kept at a constant temperature 7’. 

By means of thermocouples spot-welded to the tube, the tem- 
perature at a given cross section of the latter is taken for three 
positions of the heat source as follows: 


1 Position x, for which the temperature has reached the 
maximum value 

2 Position 2%, preceding the position z, and for which the 
temperature had a given value 7; < 71. 

3 Position z2’ following the position 2, and for which the 
temperature has dropped back to the value 7’. 


Calling g the thickness of the tube, the ratio of the perimeter P 
to the cross section A, entering Equations [23] and [24] is simply 
1/g thus 


To 
and 
T2— Te _ + — 21) 


These two equations can be rewritten in a more simple form by 
putting 


® Strictly speaking, coefficient 1.2 must also include the latent heat 
of fusion. 
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g g 
hence 
= V (rug)? + Hg — [106] 
and 
= V (dug)? + Hg + d0g........ [107] 
Solving for Avg and Hg there follows 
mf 1 1 
doy. = [108] 
and 
{109} 


hence finally the average diffusivity between the temperatures 
T, and T; 


1 4v — 21) — 


2. m= (x2 + ae’ — 22) 


and the average dissipation ratio between (7, — To) and (T; — 
T») 


H=— - 
— — 2) 


[111] 


Characteristically, the expression for diffusivity does not de- 
pend on the thickness of the tube and the expression of H does 
not depend on speed. 

Control of Factors Governing Flame-Hardening and Continuous- 
Quenching of Steel Products. The purpose of flame-hardening is 
to produce a hardened case in steels of proper carbon and alloy 
content by raising the temperature of the case above the upper 
transformation point of steel Ac;, and by quenching it as rapidly 
as possible in water. When dealing with parts of some length, 
such as gear rims or rails, the rise of temperature is accomplished 
by means of an oxyacetylene torch moving at a constant speed 
v, and the quenching, by a water sprinkler which moves closely 
behind the torch. 

In what follows it will be assumed that the part has a rec- 
tangular section and that the flame of the oxyacetylene torch 
covers uniformly the surface over its whole width g, but that it 
extends over only a small portion / of its length. Thus the heat 
flow may be considered as being produced by a narrow plane 
source of heat moving at a constant speed, v. This case has been 
examined in Part 1, and Equations [51] and [60] have been de- 
rived to describe the temperature distribution around the heat 
source. Of these, Equation [51] represents an almost uniform 
rise of temperature which will result in the heated part through- 
out its thickness, at some distance behind the source, if there are 
no losses to the surrounding. This rise of temperature is then 
merely the consequence of the storing up of the heat, and if the 
latter is delivered at a rate of q thermal units per unit time, the 
rise of the temperature 7, behind the source over the initial tem- 
perature 7’) is in accordance with Equation [51] 


As previously cp (c=specific heat, p=density) represents the 
volume specific heat, and v the speed at which the source moves. 
As for the symbols a and g, their previous meanings must be in- 
verted in order to keep up with the present description of things. 


uu 
x 

cpagu 
T; — To 
T, — To 
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They are accordingly; a = the thickness, and g = the width of 
the heated part. 

As has been shown in Fig. 2, for the case of a very narrow plane 
source, 7; also represents the temperature at some depth below 
the location of the heat source. This temperature is quickly 
approached by the bulk of the metal as the heat source moves 
away from the section considered. For convenience, temperature 
T2 will be called the “bulk” temperature. With this in mind, 
Equation [60] represents the relative rise of the maximum sur- 
face temperature 7, as compared to the rise of the bulk tempera- 
ture of the piece. Fig. 18 shows the same relation graphically. 
Here for convenience the converse of the relative rise of tem- 
perature, namely (7. — 7'9)/(7;1 — To), has been plotted as a 
function of a dimensionless number \va, whose significance will 
be explained shortly, and for various lengths / of the source re- 
ferred to the thickness a of the piece //a. Assuming that in 
flame-hardening the surface temperature is required to reach a 
constant value 7, and that 7'y is the practically constant room 
temperature, Fig. 18 shows that the higher the number wa the 
smaller will be the rise of the bulk temperature 72. The same 
result is obtained by decreasing the relative length of the source 
d/a. 
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Fig. 18 Retation Between Rise or SuRFACE TEMPERATURE 7), 
AND THE Rise OF TEMPERATURE OF BULK OF MATERIAL 72, FOR 
Various ConpiTIONsS OF FYAME-HARDENING 


In order to interpret the number va, attention is called to 
Equation [112]. If k is the heat conductivity of the material, 
it will be recalled that by definition 


{113} 
hence Equation [112] can be rewritten as follows 
1 


2k(T, — T>) 


In this relation q/g is the rate of heat per unit width and it 
may be considered as a characteristic of the heat source em- 
ployed. When comparing Equation [114] with the chart, Fig. 18, 
it is found that Ava is a parameter which allows expression of the 
maximum surface temperature 7), or the bulk temperature 72, 
whichever is made variable, as a function of the heat characteris- 
tic (¢/g) of the torch, and also another characteristic of the torch 
represented by the relative length l/a. Neither of these char- 
acteristics can be measured directly, but indirectly both can be 
determined by using Equation [114] and chart, Fig. 18, in reverse. 

To this end, a trial experiment can be set up using a sample of 
the material to be treated in the form of a rectangular bar and 
measuring the temperature at a certain point of the surface and 
below the surface, while the latter is being heated, by passing 


over it the torch whose characteristics are to be determined. 
The following measurements are made: 


1 Initial temperature, 7’. 

2 Maximum temperature 7’; at the surface. 

3 Temperature 72, for which the surface temperature is al- 
most the same as the depth temperature. 

4 Speed of motion, v of the torch. 

5 Width g, and thickness a of the bar. 


Assuming an average constant value for \ and k, the value of 
q is thus determined from Equation [112] and the value of ? 
from the chart, Fig. 18. For example, if 7; — To has been 
measured to be 800 C (1440 F) and T; — Ty = 400 C (720 F), 
and if, furthermore, the speed at which the torch moved was 0.85 
cm per sec, (0.336 ips), and the section of the bar 5 cm wide and 
1 cm thick (about 2 X #/s sq in.), then assuming, according to 
previous discussion, k = 0.08 cal per cm per deg C per sec, and 
\ = 6 sec per sq em for steel, the value of q is found from Equa- 
tion [114] as 


q=6 X0.85 X 1X5 X 2 K 0.08 K 400 = 1640 cal per sec 


and //a from the chart, Fig. 18, with (T2 — To)/(T1 — To) = 0.5 
and Ava = 5.1, as 2; hence l = 2 cm (= 0.79 in.). 

If each torch thus has been rated for a given value of q and J, 
it then becomes possible to determine for what thickness of steel 
it is best fitted. As a usual practice, it may be attempted to 
keep the maximum surface temperature slightly above Ac; and 
the bulk temperature slightly below Ac;, thus the ratio (JT2— T)/ 
(T; — To) will be around 0.66, and the value of Ava, according to 
Equation [114] around 0.01 (q/g), if ¢/g is expressed in cal per 
cm per sec. Assume, for example, a torch is used for which g/g = 
400 cal per cm per sec, and / = 2cm. It is required to find the 
thickness a for which it is fitted and the speed of motion ». 

From Equation [114] wa = 0.01 XK 400 = 4.00 and from the 
chart, Fig. 18, the intersection of (T: — To)/(T: — To) = 0.66, 
and \vwa = 4, gives 1/a = 3. Thus a = 2/; cm = 0.26 in. and 
since \va = 4, the speed v = 1 em per sec, or about 23 ipm. If 
the bulk of the material is to be kept much below Aci, for ex- 
ample around 600 F, then (7, — 71)/(T1 — To) is around 0.33 
and Ava = 0.005 (q/g). Hence with, the same type of torch 
as before, Awa = 2, and l/a = 0.2; a = 2/0.2 = 10 em (4 in.). 
The speed, however, is reduced as much as the thickness has been 
increased, becoming only 1.5 ipm. 

Continuous Quenching. If the heat, instead of being delivered 
to the piece, is being withdrawn at a rate of g thermal units per 
unit time, under conditions similar to that of flame-hardening, 
then Equation [114] and the chart, Fig. 18, can be used to control 
the final temperature 7. to which the surface of a piece previously 
heated to a temperature 7 will be automatically reheated after 
having been quenched down to the temperature T;. This problem 
can be solved in a manner similar to that outlined for the flame- 
hardening. To make the conditions more specific, suppose it is 
desired to improve the hardness of the top surface of a rail by 
means of water-quenching, followed by tempering at 500 C (950 
F). Using the theory of a moving-plane source, this treatment 
can be attempted in one continuous and single operation as 
follows: After the rail has left the rolling mill at some 980 C 
(1800 F), it is quenched by means of a water sprinkler moving at a 
constant speed v. The problem is then reduced to the deter- 
mination of the characteristics of the water sprinkler in such a 
way that the surface of the rail after being quenched to the tem- 
perature of 20 C (86 F) is reheated to a bulk temperature of 500 C 
(950 F). To this end, suppose that the head of the rail is 2 in. 


wide and 1'/, in. thick, or approximately 5 X 4 sq cm, and that 
the heat content of the web can be neglected. Then by assuming 
that the water spray covers a surface of 5 X 5 sq cm, the value 
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15 
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of l/a is 5/4 = 1.25. On the other hand, (72 — To)/(7; — To) = 
2 — 980 7 233 ence from the chart, Fig. 18, wa = 3.2. 


If this value is substituted in Equation [114], then by putting 
as previously k = 0.08 cal per cm per deg C per sec, and \ = 6 
sec per sq cm, the value of g becomes 


q = —3.2 X 5 XK 0.16 K 480 = —1240 cal per sec 


Since va = 3.2, the speed of motion is 


v = 3.2/6 X 4 = 0.132 em per sec = 3.15 ipm 


A similar computation will show that if it is desired to obtain 
a tempered martensite at 100 C (= 212 F) at the surface, the 
heat must be removed from the surface at a rate of 2280 cal per 
sec with the same speed of motion. 

Before closing, emphasis again is put on the tentative character 
of the foregoing computation. There is obviously need for some 
preliminary experimentation before the theory expounded can be 
used as a practical tool much in the same way as this has been 
done for welding. 
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Appendix | 


Use or INSTANTANEOUS SOURCES FOR SOLUTION OF Heat FLow 
DvE To MovinG Sources 


The solution of heat flow in an infinite solid due to a source 
moving in a given direction may be obtained by adding the 
contributions of an infinite number of small instantaneous sources 
placed one behind the other at infinitely small intervals of time, 
along the direction of motion. If the direction of motion is taken 
as the x-axis, then the contribution of an infinitesimal inst antane- 
ous point source dQ placed at a distance x’ from the origin at a 
time t’, may be represented as follows in so far as the increase of 
temperature dT’ of a point (x, y, z) at any moment ¢t 2 t’ is con- 
cerned” 


where dQ is the quantity of heat of the point source, k is the heat 

conductivity, and 2d is the converse of heat diffusivity. How- 

ever, if the law of motion is given, x’ is a known function of t’; 

and the same is true for the amount of heat delivered by the mov- 

ing source; thus 


Q = o(t’) or dQ = ¢o'(t')dt’ 


and 
xz’ = fit’) 
hence 
8x'/*k Jo (t—t')? 


[A] 


This is the most general eqhation of heat flow in an infinite solid 
due to a moving-point source. Similar expressions can be de- 
rived for moving line and plane sources. 

As a particular case, put 


Q= 
and 
z’ = 


where q and v are constants. 
Then Equation (A) becomes 
k So vy? 


To 3 


Put 


= y? + 2? = R 


V2 q 2rdr 
k Jo r3 
t AR? Ar? 
V 2x q om dr ew 2 
0 


There follows 


+0244] 
= — 


10 Reference (9), p. 150. 
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or letting !— © 


The infinite integral appearing in Equation [C] can be solved 
by means of the Bessel function K:/,(z).. To this end put a new 
variable a, such that 


The substitution of Equation [D] in Equation [C’} gives 
k RV2x J 0 


But according to the theory of Bessel functions (10) 


0 


and furthermore 


[D] 


Vr 
Ki;,QvR) = R e 
hence finally 


This expression has been derived previously in Part 1 in a more 
simple way for a three-dimensional case. 

Using similar procedures for the line and plane instantaneous 
sources, Expressions [31] and [18] can be derived for the two- 
dimensional and linear heat flow, respectively. 

Appendix 2 
EXPANSION OF SoLuTIon [45] IN A Four SERIES 


As shown by Carslaw,'' if f(y) is an even function of y which 
can be expanded, as also f(y + 2na), in a Fourier series of cosines 
of multiples ry/a, then 


7 f(y + 2na) = S(y)dy + - 
a 0 a a 
f(y’) cos dy 
a 


Let f(y) = Ko(dv + then 
Ko( + (y * 2na)?) = - + y?) dy 
a Jo 


9 


+ - cos x + y’) cos’ dy 
a 0 


a 


But, by virtue of the integral representation of Bessel function 
(10) 


-J0 


0 2 0 


1! Reference (9), p. 159. 
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Likewise 


why 1 
Kw 2 + y'?) cos ~ dy’ = (A0E) — 
0 a v Jo 
— (Ary’)*t? , 
t-'dt X e y cos dvy’ } d(rvy’) 
0 


fo 
Vr e (Ave) wn? 402 t-*dt = 
2dv 0 


where = 


hence recalling that 


we obtain expression, Equation [48] or [49], according to whether 
£ is positive or negative. 


Discussion 


hk. H. Camepron.'? This paper is of considerable interest to 
the writer as a mathematician, because it shows that data of 
important practical significance can be calculated by the use of 
higher mathematics and higher mathematical techniques. While 
undoubtedly many of the author’s conclusions have been or will 
be checked directly by experiment, his methods make it possible 
quickly to calculate data and plot curves which could be obtained 
directly only by a very large number of time-consuming and 
costly experiments. His theory of quasi-stationary states sim- 
plifies many practical problems to the point where calculation is 
possible and provides a method of attack on other problems 
which have not yet been put on a mathematical basis. 

The author’s technique changes a problem involving moving 
heat sources into one involving only fixed sources or singularities, 
and thus extends the classical methods of treating fixed sources to 
the more difficult problems of moving sources. These methods 
apply to such apparently diverse problems as are welding, the 
rate of extrusion of a continuous casting, continuous quenching, 
and the heating effects of the passage of a bullet in a gun barrel. 

Finally, his methods can be used in connection with experi- 
mental work to suggest the design of experiments, the direction 
they should take, and the interpretation of the results. His 
method for determining the values of diffusivity and heat-dissi- 
pation ratio is an example in point. 


M. W. anp R. C. The author has 
presented an extremly interesting and useful contribution to the 
field of heat conduction. It is interesting to note that, due to 
the quasi-stationary state existing about the moving source, the 
method of relaxation can be readily applied to the problem. 

A heat balance is made on a lattice of sides 6 and depth 6/2 situ- 
ated directly below the moving source and moving with the source 
at a velocity v. Consideration is taken of the heat generated by 
the source, the heat conducted into the lattice by conduction, 
and the heat carried into the lattice by the movement of material 
through the lattice. Heat balances are made on other lattices sur- 
rounding the one about the source and a set of relaxation patterns 
establishéd. Calculations show that the results of this numerical 
method check reasonably with the analytical results of the author. 


12 Professor of Mathematics, University of Minnesota, Minneapo- 
lis, Minn. 

13 University of California, Berkeley, Calif. 

14 Assistant Professor of Mechanical Engineering, University of 
California. Mem. A.S.M.E. 
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Heat losses from the surface can also be accounted for by the 
method of relaxation. 


AuTHOR’s CLOSURE 


Professor Cameron’s comments coming from a mathematician 
are very much appreciated. The technical man neither ignores 
nor belittles the value of the mathematics, but the thing he is 
primarily interested in is the final numerical value of the solution 
and not the way in which the latter has been obtained. Unfortu- 
nately, many a mathematician does not appreciate this point of 
view as fully as Professor Cameron does. They are inclined to 
consider the ultimate step of the analysis which consists of put- 
ting the solution in a form suitable for numerical computation 
as some sort of ‘‘puka” mathematics to be left to the computing 
machines. While the latter certainly are tremendous time sav- 
ers, they hardly afford as complete a view of the problem as a 
mathematical analysis does, especially when it comes to the 
consideration of singularities. Some of the problems of heat flow 
require the use of the highest mathematical techniques, and it is 
only through the co-operation of mathematicians who are skilled 
in those techniques that a substantial progress in the theory of 
heat flow can be made. 
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The emphasis on the mathematical analysis does not preclude 
the use of numerical methods for particular applications. From 
this point of view the remarks made by Mr. Rubesin and Pro- 
fessor Martinelli are most welcome. The author is not enough 
familiar with the relaxation method to see the advantages that it 
offers in the treatment of a general problem of heat flow, like the 
one developed in the present paper, but he is aware of the possibil- 
ities which it affords in solving particular problems with specific 
boundary conditions. For example, he would be very much in- 
terested to see the discussers treat the following two problems 
which are of importance in are welding: 


1 Heat flow due to a moving plane source of a circular shape, 
and 

2 Heat flow in a plate heated by a moving point source on one 
face and cooled by liquid medium on the other face. 


The solution of the first problem may give a better insight into 
the phenomena of temperature distribution in the molten pool, 
and the second is of especial interest in ship-repair welding. 

In closing the author wishes to thank all discussers for their 
kind interest in his paper. 
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Cutting Action of Reamers 


By T. F. GITHENS,' CLEVELAND, OHIO 


The cutting action of reamers resembles in many ways the — 

cutting action of boring tools or twist drills. There is a gk =—— soo 

common misconception that a reamer somehow gets into | 4 

a hole and then scrapes the hole to size by means of its —— 

longitudinal cutting teeth. What really happens is that me 
a reamer, a small amount larger than the hole to be fin- =. ——- tS 
ished, must cut its way into the hole by its entering teeth; Fst 
and then producea smoothly finished hole, round, straight, mers 

in proper alignment, and as near to the standard reamer ee se ee 

size as possible. Reamers are provided with three kinds of — = CuaureR ape ee 
clearance, point, peripheral, and longitudinal. Reamers “Ar 

can be made with combinations of positive, negative, and f \A 

zero radial and axial rakes. The angle of the point sie st a 
and the feed per revolution affect the true rake angle of the Lr , 
cutting edge. Reamers must be kept sharp. The standard ! ” 

reamer made accurately to size and carefully used to pro- 

duce a standard hole has been the most important factor — ee 

in interchangeable manufacture. All classes of fit can be Fic. 1 Macuine REAMER 

made by proper allowance on the shaft and the mainte- 

nance of the dependable standard hole produced by the SWUARLD SLANT 


standard reamers. These and other facts concerning 
reamers are explained in this paper. 


MACHINE AND Hanp REAMERS 
\ MACHINE reamer is a tool used for enlarging a hole, 


previously formed, and for freely cutting this hole as 
round, smooth, straight, in proper alignment, and as close 
to the standard or exact size as possible (1).? 

A reamer is accomplishing its purpose when it cuts freely a 
round, smooth, straight hole its own size. 

The principal parts of a machine reamer are shown in Fig. 1. 
These definitions and those for hand reamers are explained in the 
American Standard for Reamers (2). 

The principal parts of a hand reamer are shown in Fig. 2. 


A reamer without clearance cannot cut because its cutting Fig. 2) Hanp REAMER 
edges cannot get under the surface of the metal to lift or sever 
. R RELIEP 
the chip from the metal. If forced into a hole it merely rubs or ——— 
burnishes the surface of the hole and either heats the tool suffi- | an 
ciently to draw the temper, or tears the hole, or does both. A commas 
reamer having proper clearance cuts freely and smoothly (1). 
There are three kinds of clearance on reamers, as follows: 
TE POINT OR 
1 Clearance on the entering ends of the teeth. This clear- = 
ance is illustrated in Fig. 3 and is sometimes called ‘‘point’”’ POrst on AND CLEARANCE” ANGLZ 
clearance. 
2 Clearance along the lands or peripheral part of the reamer. \ 
This is sometimes called ‘radial relief’? or clearance. This is SCAR? 


illustrated in Fig. 5. 


' Mechanical Engineer, Cleveland Twist Drill Company. Mem. 
A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Cutting Data and 
Bibliography and presented at the Semi-Annual Meeting, Detroit, 3 “Longitudinal relief” or “back taper,” which is a very 


bran June 17-20, 1946, of Toe AMERICAN Society OF MECHANICAL slight taper of about 0.0001 in., which makes the reamer smaller 
“UNGINEERS. 


Nore: Statements and opinions advanced in papers are to be un- toward the shank in order to prevent the back end from enlarg- 
derstood as individual expressions of their authors and not those of ig the hole or dragging and thereby roughing up the finish of the 
the Society. hole, Fig. 7. 
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Fic. Currinc Enps or Pornts, SHow1ne Cuttinc EpGes aNnD 
CLEARANCES 
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Point CLEARANCE 


The entering cutting edges on chucking reamers are usually 
beveled at an angle of from 40 to 50 deg for the purpose of keep- 
ing the extreme cutting corner as obtuse as possible, which helps 
to keep it sharp for a longer time. This cone shape also aids the 
reamer in centering itself in the work. These cone-shaped edges 
must be ground to a sharp edge with clearance for end-cutting, 
Fig. 3. 

Hand reamers have a much longer taper, about 0.015 in. per 
in., and they are used for finishing purposes only. These ream- 
ers are but slightly smaller at the entering end, as it is necessary 
to remove only a small amount of metal in the finishing process. 
This long taper allows a scraping cut to be taken in such a manner 
that very accurate and smooth holes are produced. The taper 
edges must be ground to a sharp edge with clearance. A bevel 
of about 45 deg is also put at the long end of the tapering point 
to aid the hand reamer in entering the hole, but there should be 
so little stock left in the hole that this bevel should do no cutting, 
Fig. 3. 

Fluted chucking reamers which are sometimes required for very 
accurate and smooth holes often have a slight second bevel in 
addition to that already mentioned, which acts like the taper on 
a hand reamer, thus making a smoother hole than would other- 
wise be the case. This is shown in Fig. 4; the length of this 
second taper need be only !/:¢ in. and must be ground to a sharp 
edge with proper clearance (1). 
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Fic. 5 Types or Sipe CLEARANCE OR RELIEF 


CLEARANCE OR RELIEF 


Side clearance is illustrated in Fig. 5 and is formed by grinding 
away a portion of the land, usually leaving a slight cylindrical 
margin. The action of a reamer without side clearance is best 
understood by comparing a single tooth of the reamer with a bor- 
ing tool having no clearance behind the cutting edge, as shown in 
Fig. 6, in which H is the hole to be bored, D the cutting edge, A 
is the side of the tool or peripheral land, with small sector B ex- 
actly concentric with the hole. Clearance is shown on the end of 
the boring tool at C. 

It will be seen that great pressure would have to be exerted in 
the direction indicated by arrow X to hold the tool against the 
work, becanse the tool can cut the metal only at edge D, which 
enters the metal in the direction of the length of the hole, and 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1946 


\ 
WO LAND 
CLEARANCE KC 


Fig. 6 Curtring Action or Bortna Toor 
(Land clearance improves performance.) 


Fig. 7 Lonairupinat CLEARANCE OR Back TAPER 
therefore there is no cutting action accomplished by the part 
shown at B. This part only rubs and as there is some spring 
to the tool it does not cleanly sever the chip produced by cutting 
edge D. Therefore part B is forced outward at each succeeding 
revolution as the tool is advanced, which results in producing a 
tapering hole as shown on dotted line E. This could be overcome 
only by exerting enough pressure in the direction of arrow X to 
hold sector B absolutely to its line of travel and by having the 
surface so hard and smooth that it could not tear the wall of 
the hole (1). 

Another factor that also tends to produce a tapered hole and 
that requires additional pressure in the direction of the arrow is 
the dulling or rounding over of the extreme corner of the tool at 1. 
This dulling action is very severe at this point. The easiest and 
surest way to overcome these difficulties is to relieve the surface 
B along a line represented by FG. This reduces the required 
pressure in the direction shown by arrow X, and also lessens the 
trouble due to the dulling of the extreme cutting corner, and 
makes it possible to bore a hole the sides of which are practically 
parallel. The hole will also be smoother, as the side of the tool 
will scrape out the roughness left by the dulled corner as it follows 
after it. It must therefore be evident that a reamer without 
radial or side clearance is working under great difficulties and the 
chances for accurate work are small, It is also evident that as 
the surfaces of the reamer, which correspond to B, advance 
into the metal they should be lubricated and this can be done by 
lubricating the cutting edges as well. 

Side relief is necessary for accurate reaming, yet a slight margin 
or cylindrical portion of the land must be left on the reamer to aid 
it to maintain correct size of the hole and allow the reamer to 
be sharpened many times without losing its original size. If 
the margin can be prevented from abrading or wearing away, the 
reamer can be sharpened back indefinitely. Of course some 
abrading and wear cannot be prevented, and commercial reamers 
are usually made a few ten-thousandths oversize so as to allow 
longer tool life and still produce accurate holes. 


ANGLES 


The “rake angle”’ of a tool is the angle between the top cutting 
surface of a tool and a plane which is perpendicular to the surface 
of the work and to the direction of motion of the tool with re- 
spect to the work. 
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The “‘axial-rake” angle is the same as the “helix angle.” The 
“radial-rake” angle is the angle between the face of the flute and z 
a radial line drawn to edge of the margin. acCTIOr AA 

The best rake angle for each material, speed, feed, and ma- 
chine-operating condition is a matter of trial and experiment. 

Figs. 8, 9, and 10 show some possible combinations of axial and 


radial rakes with which reamers can be made. Fie. 14 Positive orn Necative Rake May BE VaRIED ON CUTTING 
Fig. 11 shows that the manner in which the reamer approaches EpGEs or CHAMFER 
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the work affects the rake angle. The larger the feed per revolu- 
tion the larger is the rake angle due to the feed. 

Fig. 12 shows how the axial- and radial-rake angles combine to 
affect the oblique rake angle shown (3). 

Fig. 13 shows a section at right angles to the point cutting edge 
at the actual and cutting edge of the reamer. This true rake 
angle depends upon the combined values of the radial rake, the 
axial rake, and the point angle or bevel. 

Fig. 14 shows how in special cases with great care in grinding, 
the cutting rake of the point cutting edges may be varied for dif- 
ferent materials and cutting conditions. 


Form oF FLUTES 


The style of flute is of the greatest importance, as its shape 
and area determine the relative strength of the tooth and the 
ability to carry away the chips. Large chip space and strength 
are desirable in all reamers but they are of greater importance in 
reamers designed for taper-reaming and for usein machines. The 
cutting face of a reamer tooth should have a fillet, see Fig. 15, 


aft 


| 


Fic. 15 Dirrerent Forms or Fiutes Usep ror Various Types 
or REAMERS 


beginning aboyt midway between the top and bottom of the 
tooth where great strength is desired, as in machine reamers, and 
nearer the bottom where the strength is of less importance, as in 
hand reamers. This fillet does not reduce the chip area materially 
because the chips tend to curl in most metals and this curl con- 
forms to the shape of the fillet. Theoretically, the shape of the 
back of the tooth should be a convex parabola from the cutting 
edge to the base or junction of the fillet to obtain maximum 
strength. For manufacturing reasons a straight line or a con- 
cave curve which is tangent to the fillet and which lies outside 
tbe parabola is standard practice. 

At A in Fig. 15 is shown a tooth with convex parabolic flank 
which is rarely used except on heavy chucking reamers where the 
cuts are heavy; at B is shown the straight flank; while at C is 
shown the concave-curve flank largely used by most manufac- 
turers. Shape C provides a large chip area, and where uneven 
spacing is practiced the lands are most easily kept at uniform 
width (1). 


PREVENTION OF CHATTER 


Another desirable feature in a reamer, and especially a taper or 
hand reamer, is that it be able to cut a round smooth hole without 
chattering. There is an erroneous opinion prevalent that an even 
number of flutes chatter more than an odd number. This is a 
fallacy and our experience shows that an odd number of flutes 
will chatter as readily as an even number, especially when the 
reamer has more than four flutes. 

Chatter may sometimes be eliminated by reducing the amount 
of clearance. To make reamers suitable for reaming most kinds of 
material met with in ordinary practice a considerable amount 
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of clearance must be given, and this would produce chatter by 
biting in unless it is offset by some other features. 

Chatter may sometimes be reduced by making the setup as 
rigid and strong as possible and by using pilots and guide bush- 
ings. 

Chatter may also be reduced by cutting down the speed of the 
reamer. Speeds must not be so high as to permit chatter (5). 
Too low a feed may in some cases cause chatter due to glazing 
of the hole. Too much positive rake angle or too much negative 
rake angle may also cause chatter. 

Reamers as commercially made usually have the cutting teeth 
unequally spaced. Fig. 16 shows a reamer with even spacing and 
a reamer with one type of uneven spacing. The reason for pro- 
viding this uneven spacing is to reduce the possibility of chatter. 

Fig. 17 shows a chucking reamer about to enter a hole. If the 
axis of rotation A-A of the reamer is exactly in line with the axis 
of the hole B-B, and all cutting conditions correct, such as speed 
not too high, feed not too low, amount of stock sufficient for a 
chip, rake not too hooked or too negative, the work and reamer 
rigidly held and guided if possible, there should be no chatter 
and a round, smooth, accurately sized hole should be produced. 

However, if the axis of the reamer is out of line with the axis 
of the hole, or if a hard spot in the steel is cut, or if the reamer 
teeth are not sharpened accurately so that they are all at the same 
angle and length; one tooth of the reamer may cut a little deeper 
than the others, and in addition to the motion of rotation about 
its axis, the reamer will also acquire a secondary form of rota- 
tion as shown in Fig. 18. 

This shows the situation greatly exaggerated. Tooth 1 has cut 
deeply into the metal and for an instant the reamer will rotate 
about the instantaneous center 1, until tooth 2 bites into the 
metal. Tooth 2 now becomes the instantaneous center of rota- 


Fic. 18 (left) UNequat Spacina or FLutres To Avoip CHATTER 


(Section M-M of Fig. 17 greatly exaggerated. Reamer while rotating about 
its axis rotates also about center 1, a small amount, until tooth 2 cuts.) 


Fic. 19 (right) Unequat Spacine or FLutes To Avoip CHATTER 


(Section M-M of Fig. 17 greatly exaggerated. Reamer while rotating about 
its axis rotates also about center 2, a small amount, until tooth 3 cuts.) 
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tion (see Fig. 19) and the reamer rotates until tooth 3 bites in, 
and so on all around the reamer. This continues while the 
reamer is rotating about its axis. A very bad condition such as 
described would result in chatter. If the teeth are unevenly 
spaced so that the distances between 1 and 2, 2 and 3, etc., are 
not the same, the jump or biting-in of the teeth will be unevenly 
distributed, and the cut gradually may become smooth and 
chatterless. 


Currina ACTION 


The cutting action of a reamer has been shown in Fig. 6 to be 
similar in many respects to that of a boring tool. In Fig. 20 is 
shown a boring tool about to enlarge or finish-cut a rough hole. 
It must cut it sway into the hole by its sharp, cleared, end 
cutting edge D. Similarly the reamer must cut its way into the 
small rough hole by its sharp, cleared, end cutting beveled 
teeth or point. 

The cutting action of a reamer is in some respects similar to 
that of a drill. Fig. 21 shows a drill about to cut through and 
enlarge a rough hole. The drill is larger than the rough hole and 
in order to enter, the drill must cut its way in. Similarly, in 
the same figure the reamer must be larger than the rough hole 
and must cut its way into the hole by its end cutting or beveled 
teeth. The cutting action of the longitudinal margins or lands 
is explained in connection with Fig. 6. 

Fig. 22 shows the similarity of the cutting action of a drill and 
a hand reamer. The cutting action of a reamer is in some re- 
spects similar to that of an end mill as shown in Fig. 23, assum- 
ing that the direction of feed for both tools is helically axial. 
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Fic. 23 or Curtinc ACTION oF AN END MILL AND A 


MacuHINE REAMER 
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Fic. 24 or Currine Action or a Face AND A 
MACHINE REAMER 


The bodies of both tools fit in the holes they cut. Of course, in 
an end mill the direction of feed is usually perpendicular to the 
axis of the tool, not along the axis. Also an end mill will not usu- 
ally produce as accurate a hole as a reamer because its longitu- 
dinal teeth are backed off sharp with no margins or lands. 

Fig. 24 shows how a face mill, usually used for cutting along 
the surface of a piece of work, might be used to enlarge a hole. 
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This shows that the cutting action of face-milling teeth is essen- 
tially similar to that of reamer end cutting teeth. The lands or 
margins on a reamer serve the same purpose of smoothing the 
cut that the faces do on a face mill. 


REAMER SHARPENING 


After a reamer has been used for a number of holes it will show 
signs of wear. These signs should be carefully watched and 
studied and at the proper time the reamer should be resharp- 
ened. In general, higher speeds will cause the reamer to dull 
faster, but higher speeds also give higher production. The finish 
required also determines the speed possible. 

It will be noticed that the reamer will become dull along its 
once sharp edges A-B, Figs. 25 and 27, with the greatest wear at 


hic. 27 Wear or Hanp- 
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Fic. 25 Wear or REAMER 
EpGEes 


the corners A. After a number of holes have been reamed the 
corner A will become completely rounded off. If the reamer is 
continued in use after this corner has become worn, the sharp 
edge along the margin A-C will also become worn and abraded 
starting at A and working back along the margin or land A-C. 
If the reamer is kept in use in this dull condition it will be com- 
pletely ruined, the margins all the way back to D will become 
abraded, and the reamer cannot ream a smooth hole to the cor- 
rect size. 

The first result of using a dull reamer will probably be under- 
size holes, the reamer will be actually forced through the hole 
without cutting its true size. This of course, causes unnecessary 
wear on the reamer lands. If at ‘the first sign of holes coming 
smaller in size the reamer is sharpened, holes up to size will be 
again produced. 

To sharpen the reamer it is necessary to grind only the point or 
cutting edges back as shown at A-D, Figs. 26 and 28, with the 
proper clearance. The edges are ground back until the corner 
and marginal dullness between A and C is removed. 

The importance of frequent reamer point sharpening for ac- 
curate and smooth holes cannot be overemphasized, especially as 
it is as simple an operation as drill point sharpening, and a very 
similar one. Frequent sharpening prolongs the life of the ac- 
curately sized reamer margins and lands, and guards against 
their abrading or wearing undersize and producing undersize 
holes. 

Just how often a reamer should be sharpened or what tool life 
a reamer should have in minutes of use per grind or number of 
inches of holes reamed per grind must be determined by trial for 
each particular application. 

In general, the higher the cutting speed the shorter will be the 
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Fic. 26 SHARPENING OF REAMER-PoINT CuTTING EDGE 
a 
EWLANCED Viow 


EWLARCED VIEW 
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tool life, but of course the high cutting speed has the advantage 
of high production, if the finish and accuracy of the holes pro- 
duced are satisfactory. 

On single-operation machines where it is a simple matter to 
take out a tool and resharpen it, low tool life and high production 
are desirable. On a multispindle automatic it might be uneco- 
nomical to change tools more than once a shift, and here slower 
speeds and longer tool life on a particular operation may be better. 
It is 
destructive of the reamer and productive of poor and unaceepta- 


AM SALI OMMENT 


In any case, the use of a dull tool is very poor economy. 


TRUE ALIGNMENT 


PARALLEL MISALIGNMENT 


ABOULAR MI SALI ONMENT 


Fic. 29 


FLOATING TOOLHOLDERS AND ALIGNMENT 


: 
a 
| 
c a—t 
~. 
| | 
7 B 
F 
4 
2 
~ 
4 
MISALIONMENT 
ice 
izes 
Fz MC SALIGMMENT 


GITHENS—CUTTING ACTION OF REAMERS 


ble work. Some methods for sharpening reamers are shown in 
Fig. 28. 


FLOATING TOOLHOLDERS 


It should always be borne in mind that a reamer produces its 
best work when taking light cuts. If the holes are being finish- 
reamed in a machine, good work has been done by holding the 
reamer in a chuck, collet, or holder that will float smoothly with- 
out jumping. Some good work is done with holders that allow 
the reamer to float perpendicular to its axis as well as at an angle 
(1). This floating action is necessary because it is almost im- 
possible to hold the reamer so that it is exactly concentric with 
the hole, and at the same time have the line of travel of the axis 
of the reamer coincide or line up with the axis of the hole. A 
reamer must align itself with the hole it is cutting for extreme 
precision. The lands or margins of the reamer must be a snug 
fit in the hole that the reamer is finishing. The axis of the rotat- 
ing reamer must coincide within a very small amount with the 
axis of the tool. 

This floating alignment and rigidity of cut are both difficult to 
attain but are necessary for good work. 


Spreeps, FEEpDs, AND LUBRICANTS 


No definite rules can be given to cover the speeds and feeds 
that should be used in reaming. Several factors govern the cor- 
rect feed and speed. The material to be reamed and the material 
of the reamer are perhaps the most important governing factors. 
The finish desired in the hole and whether hand feed or machine 
feed is used, govern the selection of the proper feed. The type of 
lubricant used, or whether the reamer is piloted or guided in any 
way, also influence the decision. 

In general, reamers should be run at about one half to two 
thirds the speed of the corresponding drill. It is always best to 
start the reamer somewhat slower than this, and gradually in- 
crease the speed until the best condition is found. If the reamer 
is run at too slow a speed the production will suffer, while if run 
too fast, the wear on the reamer will dull it too soon. Somewhere 
between these two extremes is the proper speed which gives a 
high productivity with a long reamer life. 

Feeds should be from 2 to 3 times the feed of the corresponding 
drill. The higher feed causes increased production and reduced 
tool wear. If too fine a feed is used, the reamer will be subjected 
to unnecessary wear. Too coarse a feed will produce feed marks 
in the hole. The desired finish must be balanced against the 
production per hour. 

Feeds are governed by the size of the reamer and the material 
reamed. A general rule is first to try a feed of 0.002 to 0.004 in. 
per revolution for reamers smaller than '/; in.; 0.004 to 0.008 for 
reamers 1/3 to 1/4, in.; 0.008 to 0.014 for reamers !/, to '/2 in.; 
0.014 to 0.030 for reamers !/2 to 1 in.; and 0.030 to 0.050 for 
reamers larger than ] in. Alloy and.hard steels should generally 
be reamed with the lighter feeds, while cast iron, brass, and alumi- 


TABLE1 SUGGESTED SPEEDS FOR HIGH-SPEED REAMERS 


Material reamed Speed, fpm 


Brass and bronze, 130-2 
Cast iron, chilled. . 20-30 
Malleable iron. 50-60 
Magnesium and its alloys. 170-300 
Monel metal. . 20-30 
Steel, machinery (0. 2 to 0. ac). 50-70 
Steel, annealed 4 to 0. 40-50 
Steel; tool (1.2C 30-40 
teel, forgings. . 30-40 
Steel, stainless, 40-50 
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num are sometimes reamed with the heavier feeds. 
speeds for reamers are given in Table 1. 


Suggested 


LUBRICANTS 


Lubricants have many functions, several of which are as fol- 
lows: 

1 To cool both the cutting edges of the tool and the work be- 
ing machined. This can best be done by directing as large a 
volume of the coolant as possible on the cutting edges. On 
thin-walled work it often helps to allow a large volume of flow 
onto and around the piece. 

2 To lubricate the chips; this aids in chip clearance. 

3 To improve the finish of the work. The selection and 
proper application of the lubricant will materially influence the 
machined finish. 


It is suggested that lubrication problems be referred to a repu- 
table manufacturer of cutting oils. The following list of lubri- 
cants should be used as suggestions only: 


1 Aluminum and its alloys: Soluble oil, kerosene, and lard- 
oil compounds, light nonviscous neutral oil, keroseng, and solu- 
ble-oil mixtures. 

2 Brass: Dry, soluble oil, kerosene, and lard-oil compounds, 
light nonviscous neutral oil. 

3 Copper: Soluble oil, winter-strained lard oil, oleic-acid 
compounds. 

4 Castiron: Dry or with a jet of compressed air for a cooling 
medium. 

5 Malleable iron: Soluble oil, nonviscous neutral oil. 

6 Monel metal: Soluble oil, sulphurized mineral oil. 

7 Steel, ordinary: Soluble oil, sulphurized oil, high E.P. 
value mineral oil. 

8 Steel, very hard and refractory: Soluble oil, sulphurized 
oil, turpentine. 

9 Steel, stainless: Soluble oil, sulphurized mineral oil. 

10 Wrought iron: Soluble oil, sulphurized oil, high animal- 
oil-content mineral-oil compound. 


REGULAR REAMERS AND Basic STaANDARD-HOLE SysTEM OF 
TOLERANCES 


Varying degrees of accuracy result from the use of different 
tools employed in the drilling, boring, and reaming of holes. The 
cost of obtaining the accuracy required by some kinds of work 
would be prohibitive for others. Therefore the proper tools 
for producing holes in any class of work are those best adapted to 
produce the required accuracy from the standpcint of an over-all 
economy. By an over-all economy is meant the greatest number 
of suitably finished holes that can be produced for each dollar 
paid out for tools, labor, and machine expense. 

Drilled holes are neither round, straight, nor of uniform diame- 
ter when compared with the accurate holes required by most in- 
dustries, although they may be sufficiently accurate to meet the 
requirements of holes for rough bolts, rivets, and similar classes of 
work. When a close fit is required holes are usually finished by 
reaming. When holes of extreme accuracy are required it is 
necessary to use two reamers in order to obtain the desired re- 
sults. For all such work as holes for pins, rods, or finished bolts, 
one reaming operation is sufficient, and even in many grades of 
machines the holes for journals are finished with a single machine- 
reaming operation. Before selecting a type of reamer for any 
class of work, it is advisable to study the cutting action of different 
reamers in order to select the one best adapted to each class. 

In some shops the practice is to produce round, smooth, 


straight holes, as close to the standard or exact size as possible. 
All the tolerance or allowable error is above the basic or exact 
In other words, the hole must be slightly oversize, not 


size. 
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‘undersize. This enables holes to be produced in large numbers, 


which are sure to make the proper fits. Many shops insist that 
all holes in parts belonging to good work must be hand-reamed, 
and in such a manner that the work is subjected to no distortion 
due to holding or clamping. This is sometimes done by holding 
the hand reamer in a vise and passing the work over the reamer 
with a screwlike motion, the reamer scraping only a few thou- 
sandths out of the hole. Other shops insist that the holes be 
finished on the chucking machine, and in this case the chucking 
reamers must be accurate and the work not distorted by the chuck 
if good results are to be expected. 

The standard reamer and the standard basic plug-and-ring 
gage have been the foundation of interchangeable manufacturing. 

A standard basic l-in. hole may be defined as one which will 
just receive a l-in. plug gage which measures exactly 1 in. diam 
as measured on a measuring machine. The hole which receives 
this plug gage will also receive an accurately finished shaft of the 
same size (4). 

In practical manufacturing the ‘‘go’”’ gage is not usually ex- 
actly 1 in. diam but has a plus wear allowance and a plus manu- 
facturing tolerance, which means that the basic hole in practical 
manufacturing is slightly large. 

Commercial reamers are made slightly oversize because 
the hole made by the reamer must be large enough to receive the 
“go” working gage. Reamers as made commercially have also 
a slight plus wear allowance and a slight plus manufacturing 
tolerance (2). This assures that all holes carefully reamed as 
near to the exact size of the reamer as possible will all accept 
standard commercial “‘go” plug gages and will all receive finished 
shafts made to the correct sizes, with proper allowances between 
hole and shaft depending upon the class of fit wanted. 

Many parts made by interchangeable mass-production meth- 
ods depend upon the precision and uniformity of the reamer sizes 
to maintain hole sizes which will be basic, with a very small toler- 
ance oversize. The holes are sure to be large enough and yet not 
too large to produce undesirable results. 


AMERICAN STANDARD FOR ALLOWANCES, TOLERANCES, AND 
GaGEs For METAL Fits 


Since 1926 the foregoing standard has been in use as a guide for 
the correct dimensions of holes made for interchangeable manu- 
facturing. 

This standard is based upon the same principles as the success- 
ful American Standard for Screw Threads ASA B1.1-1935. 
These are the same dimensions as published in Handbook H-28 
Screw Thread Standards for Federal Services. 

In both of these standards the minimum hole is taken as the 
basic or standard size. This means that the interference point or 
place where metal-to-metal fit occurs between hole and shaft 
will be at this basic dimension no matter what class of fit is 
specified. This is illustrated in Figs. 30 and 31. 

The advantage of the standard-hole system is that it enables 
standard basic plug gages to be carried in stock and establishes 
definite minimum hole sizes, below which the holes cannot go, 
and maintains universal interchangeability. 

If it is necessary to change tolerances or allowances on a given 
fit, this can be done in the basic-hole system without changing the 
“zero,” “base,” or “interference line,” as the minimum hole is left 
constant, and the maximum hole, or minimum or maximum shaft 
sizes are changed. The standard plug gage always rejects any 
hole below basic size which might destroy interchangeability. 

It is easier to produce plug gages, blocks, and measuring rods 
to high grades of precision, for use in measuring hole members 
than it is to produce gages for measuring shaft members. Hole 
members are best measured with fixed-size gages and also are 
best produced with fixed-size or solid reamers, or broaches. Shaft 
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GITHENS—CUTTING ACTION OF REAMERS 


members are more easily measured with adjustable gages and 
also more easily produced with adjustable tools such as lathe 
tools or grinding wheels. Changes in allowances or tolerances 
for various fits can thus be more readily made on the shaft mem- 
ber than on the hole member. 

Fig. 32 shows how a standard commercial reamer would pro- 
duce holes of any class of fit desired, if the reamer were care- 
fully used so as to cut close to its exact size. Also, if properly 
sharpened and cared for, a long life of the reamer may be ob- 
tained before its lands are worn so undersize that the reamer will 
produce holes below the minimum size. 
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Another advantage of the basic-hole system of fits is that it 
allows one standard-size reamer with definite tolerances to be 
carried in stock throughout industry for the convenience of the 
customer and user. These reamers will produce universal inter- 
changeable work for any of the classes of fit. 

The fact that the reamer is accurately sharpened to size is no 
guarantee that the hole made will be as accurate as the reamer. 
The accuracy of the hole depends upon many factors, such as 
hand- or machine-reaming, machinery and fixture in good condi- 
tion or badly worn, the kind of material reamed, the kind of lub- 
ricant, and the skill and carefulness of the mechanic. 

It was to take care of this great variety of working conditions 
that different tolerances were put on the various classes of stand- 
ard holes in the report of Allowances and Tolerances of the 
American Standards Association, ASA B4a-1925. : 

It was realized by the committee which wrote this report that 
the one standard-size reamer will produce holes of varying toler- 
ances depending upon the conditions of its use. Extreme ac- 
curacy and precision are usually expensive, and it is uneco- 
nomical to make a hole perfect when one not so good will serve 
the purpose just as well. Therefore the various classes of holes 
and fits were provided as a measure of economy. It was intended 
all along, however, that but one standard size of reamer would 
be necessary; careful use of this reamer would produce a Class 3 
or 4 hole; rough, rapid, or worn machine use would produce a 
Class 1 hole. 

It has sometimes been thought that large tolerances were put 
on rough holes to allow for wear on the reamer, whereas the large 
tolerances are really there to indicate that costly tooling and 
hand-finishing are not necessary when an inexpensive rapid job 
is sufficient for the purpose. 

Long wear life of the reamer will be obtained by keeping the 
point sharp and the lands in good condition rather than by using 
an oversize reamer which will produce holes that are too large. 

It has sometimes been suggested that the American Standard 
for Tolerances, Allowances, and Gages for Metal Fits should con- 
tain a basic-shaft standard as well as the present basic-hole stand- 
ard. It is believed that it would be better not to do this because 
it would imply the standardizing and carrying in stock of a dif- 
ferent minimum or basic plug gage for each class of fit for each 
nominal size of hole, Fig. 33. Also it would imply the use of a 
different-size reamer for each class of fit. These solid tools are 
difficult to produce and expensive to maintain. It is more eco- 
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nomical to obtain various classes of fit by maintaining standard 
holes and varying the shaft dimensions. 

If for some particular reason it is found better to use the maxi- 
mum size of the shaft as standard, as shown in Fig. 34, the size 
of hole becomes special and special drills and reamers must be 
obtained. Special tools are always more costly than the regular 
and also require longer waits for deliveries. As there is less use 
for a special tool, it lies in the toolroom for a longer time unused, 
and the overhead of manufacturing is increased. 

For example, in Fig. 31 a standard shaft system of fit calls for 
1.2500 as the maximum shaft size and 1.2516 as the minimum hole 
size. This can be considered the same as a basic-hole system of 
fits using a “‘special size’’ 1.2516 as the basic hole. This (as all 
standard shaft fits do) requires special-size reamers. From the 
tables of allowances and tolerances the maximum and minimum 
shafts and holes are easily found for special as well as standard 
sizes. In other words, the holes of the ‘‘standard-shaft” system, 
are nothing but “‘special’’ holes of the standard-hole system. The 
standard shaft system is really a special, nonstandard use of 
the standard-hole system. 
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In this connection E. C. Peck (1) states: ‘I see no need what- 
ever for a basic shaft standard. The only example I have ever 
heard given is the one where two free fits are required on the ends 
of the shaft and a force or tight fit wanted in the center, and this 
has been done economically and satisfactorily for years by the 
‘basic-hole system.’ All during World War I, I saw the drawings 
for millions of interchangeable parts, and I never saw any that 
were not made to the ‘basic-hole’ system.” 

Thus the publishing of special tables for the standard shaft 
system is unnecessary, as all the values for tolerances and allow- 
ances may be taken from the Standard Hole System of tables, 
merely by basing all the fits on the minimum-size hole. 


CONCLUSIONS 


A reamer is a cutting tool and like other cutting tools it must 
be provided with correct clearances, rakes, and other features of 
good tool design. Its cutting edges must be sharpened frequently 
to prolong the useful life of the tool and to produce accurately 
smoothly finished holes. 

The standard reamer made with standard manufacturers’ 
tolerance is one of the most important tools used by the inter- 
changeable production manufacturers. 

The standard reamer is an important feature of the standard- 
hole system of allowances and tolerances for metal fits and pro- 
vides the most economical method of securing precision fits and 
universal interchangeability. 
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Utilization of Producer Gas in 


Industrial Furnaces 


By D. B. HENDRYX,! PITTSBURGH, PA. 


Producer gas is the cheapest artificial fuel per Btu that 
can be made from solid fuel. This paper discusses the 
economics, the equipment, and methods of generating 
producer gas for industrial uses. 


OST gas-producer projects look good on paper. The 
basic idea of a low-cost gaseous fuel, made from coal 
at a central point and distributed in pipes to the 

furnaces, is excellent and attractive. 

Producer gas for industrial uses only is discussed in this paper, 
as contrasted to gas manufactured for public-service distribution. 
It is made from coal or coke, and the solid fuel is completely 
transformed into gas in the process. Producer gas is the cheap- 
est artificial fuel per Btu that can be made from solid fuel. 

COMPARATIVE Cost OF FUELS 

The economics of the fuel situation must be considered first. 
The cost of fuels can be compared on a Btu basis, but this must 
be the total cost of heat delivered to the furnace, including fuel 
and ash handling, power, steam, depreciation, ete. In most 
industrial districts, coal is the cheapest fuel, but for various 
reasons it frequently cannot be used in furnaces in its crude form, 
either on grates or as pulverized fuel. Such considerations as 
furnace temperature and atmosphere, reversing and regeneration, 
control, delayed combustion, radiant flame, localized heating, 
freedom from ash, handling of coal and ashes, and many others 
may rule out the use of coal. 

Under such conditions, if natural gas or fuel oil is available at 
a reasonable price, or if a by-product fuel such as coke-oven or 
blast-furnace gas can be used, one would hesitate before building 
an expensive gas-producer plant, with its attendant dirt, heat, 
and operating difficulties. If the fuel requirements do not 
amount to more than 1500 lb of coal per hr, a gas producer would 
seldom be justified; but if coal is cheap compared to other fuels, 
and if a gaseous fuel is needed, the use of producer gas will be 
worth investigation. 

Table 1 may be used for a quick comparison between the costs 
of several fuels. It shows the price that can be paid for fuel oil 
or natural gas as compared to cost of coal delivered to the gas- 
producer plant, taking into account the cost of making the pro- 
ducer gas, including depreciation, and the cost of heating and 
atomizing the oil. The cost of gasifying 1 ton of coal or coke was 
estimated at $1.75; but this figure might be higher or lower, de- 
pending upon the size of the plant, wage rates, number of men 
required for operation, and similar factors (see Table 2). This 
table does not agree at all with the comparisons made in the ad- 
vertising matter of many manufacturers, for the reason that they 
use a much lower charge for producer operation. 

The choice of fuels cannot always be made strictly on a cost 
basis. The supply of natural gas or oil may be restricted or cut 
off suddenly in the coldest winter weather, while coal will proba- 
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TABLE 1 COMPARISON OF FUEL COSTS 


--- Hot raw producer gas Fuel oil 


Natural gas 


Cost of pro- Equivalent 
Price of coal per ducer gas per Cost of pro- Equivalent price per 1000 

ton delv'd. ton coal ducer gas per price per gal, eu ft or 

27,000,000 19,200,000 1,000,000 or 145,000 1,000,000 
Btu Btu Btu Btu Btu 
$2.00 $3.75 $0.195 $0 .0253 $0.195 
2.50 4.25 0.221 0.0291 0.221 
3.00 4.75 0.247 0.0328 0.247 
3.50 5.25 0.273 0.0366 0.273 
4.00 5.75 0.299 0.0404 0.299 
4.50 6.25 0.325 0.0442 0.325 
5.00 6.75 0.351 0.0480 0.351 
5.50 7.25 0.377 0.0517 0.377 
6.00 7.75 0.403 0.0555 0.403 
6.50 8.25 0.430 0.0594 0.430 
7.00 8.75 0.456 0.0632 0.456 


Cost of gasifying coal per net ton is assumed to be $1.75 (see Table 


‘ost of producer gas per million Btu is based on: Per lb coal 


60 cu ft of gas at 60 F per |b coal, and 

Sensible heat with gas delivered to furnace 

at 700 F, 60 cu ft of gas at 11 Btu per cu ft.... 
Tar, 60 cu ft of gas at 0.0006 lb tar per cu 

ft and 15,000 Btu per lb tar............ 


8400 Btu 
660 Btu 
540 Btu 


Total..... 9600 


Heat in producer gas at 700 F per ton coal, 2000 K 9600 or 19,200,- 
000 Btu. 

Price of fuel oil allows for charge of $0.003 per gal for steam, power, 
and depreciation but no charge for depreciation. If depreciation 
charge on gas-producer plant is neglected, deduct $0.0046 per gal 
from price of oil shown. 

Price of natural gas covers fuel cost only. If depreciation charge 
on gas-producer plant is neglected, deduct $0.032 per 1000 cu ft from 
price of gas shown. 


bly always be available, in spite of numerous recent threats 
against the life of one of our greatest industries. The relative 
prices of fuels do not remain constant. Since 1939, the price of 
natural gas has stayed the same in most districts, while coal has 
advanced 30 to 45 per cent, and fuel oil 50 to 100 per cent. Any of 
these conditions may make the construction of a gas-producer 
plant imperative. 

As can be seen from the cost of gasifying coal shown in Table 
2, the item of depreciation is a very appreciable part of the cost. 
But once the money for a producer plant has been spent, due to 
emergency conditions or for other reasons, the matter of depre- 
ciation can be neglected, and natural gas or oil would have to 
be about 10 per cent cheaper than indicated in Table 1, in order 
to compete with producer gas. 


SELECTION OF PropucER-Gas FUEL 


If the foregoing considerations seem to warrant the construc- 
tion of a producer plant, the next step is to decide what fuel 
will be used to make the gas. There are two distinct types of 
producer gas—that made from bituminous coal, and that made 
from anthracite or coke. Since bituminous coal in most parts 
of the country is cheaper than anthracite or coke, it follows that 
gas manufactured from it will be the cheapest gas that can be 
made. Cost alone, however, may not be the deciding factor. 

If the heat requirements of the furnaces are large, if the gas 
can be burned in the furnaces through a few ports instead of a 
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TABLE 2 GAS-PRODUCER OPERATING COSTS 
Small plant, Larger plant, 
1 8-ft producer 2 10-ft producers 
Per Per Per Per 
Fuel: week ton week ton 
Tons of coal gasified............... 120 bake 400 
Tons of coal used to eed steam 
for blowing producers. . 25 
Operating cost: 
abor 
Gas producer and boiler operator 
1 man 168 hr at $.80........... $134.40 $134.40 
Dust removal from dust legs 
Small plant 16 hr at $.65....... 10.40 ies 
Larger plant 32 hr at $.65...... aie 20.80 
Coal and ash handling at $.10 per 
Burning out flues, once every 6 
weeks, averaging 1 man per week 
5.20 5.20 
Repair labor 
Small plant, 1 man 4 hr at $.90.. 3.60 
Larger plant, 1 man 8 hr at $.90. Sia 7.20 = 
Power 
Small plant 1100 kwhr at $.012.. 13.20 0.11 
Larger plant 2400 kwhr at $.012. Ree 5 28.80 .07 
— r materials, including coal ma- 
inery, producers, auxiliaries, boil- 
ers, painting, etc., estimated aver- 
age during life of plant........... 30.00 0.25 60.00 0.15 
Boiler feedwater and producer coolin 
water, based on recirculation o 
cooling water, 190 gal per ton coal 
2.28 0.02 7.60 0.02 
Oil, grease, waste, supplies.......... 3.00 0.03 6.00 0.02 
Coal for steam, at $3.50 per ton..... 28.00 0.23 87.50 0.22 
Total cost of gasifying coal, no de- 
preciation $1.92 $1.00 
Depreciation, on basis of 10 per cent 
r year on investment of the fol- 
owing: 
Small plant, and gas mains $60,000 115.00 0.96 ieee er 
Larger plant, and gas mains 100,000 cae ee 192.00 .48 
Total, including depreciation........ $2.88 $1.48 


large number of individual burners, and if the producers can be 
located near the furnaces, the selection would favor hot raw gas 
made from bituminous coal. If less fuel is needed, or if gas must 
be distributed to a number of furnaces or individual burners 
located at some distance from the producer plant, the greater 
expense of using anthracite or coke might be warranted. 
Wherever practical, both kinds of gases are used in their hot 
raw state. 

It seems to be a current belief that a “gas coal,” with a volatile 
content above 35 per cent, is the best fuel for bituminous pro- 
ducers. It does make a rich gas, and it is usually a free-burning 
coal which does not cake badly in the producer. On the other 
hand, the gas may contain more vaporized tar which will be ob- 
jectionable unless the gas can be kept hot until it reaches the 
furnaces. The ideal producer fuel would be a 2 or 3-in. lump 
coal, with fines below 3/, in. screened out, having an ash-fusion 
point above 2500 F, and free-burning characteristics which pre- 
vent the top of the fuel bed from becoming a sticky mass and 
caking. In actual practice, mine-run or slack coals are often 
used at some reduction in capacity, although more dust is car- 
ried over into the mains when using fine coal. A gummy condi- 
tion at the top of the fuel bed can be overcome by keeping it at a 
higher temperature. The amount of ash in the coal does not 
make as much difference as its fusion point does, and even coal 
with low-fusion ash can be used by applying more steam in 
the blast. 

Mine-run or slack bituminous coal can be used in producers 
because the coking action at the top of the fuel bed will provide 
passages for the gas. When anthracite or coke fuel is used, the 
only openings for the flow of gas through the upper part of the 
charge will be the spaces between the particles of fuel. There- 
fore most of the dust finer than '/, or */s in. must be screened out. 
The term “coke breeze” can cover a multitude of sins and, be- 
fore deciding upon this as a source of gas, it must be positively 
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ascertained that the quoted price covers a fuel sufficiently free 
of fines to make it usable in a producer. Much of the finer coke is 
now used at the plants where it is made, in producers for under- 
firing the by-product ovens, and in steam boilers. 


Tue Gas-PropucEeR PLANT 


To take its rightful place among other fuels, producer gas 
must be made at the lowest possible cost, with the minimum 
amount of labor and operating difficulties. The gas producer is ° 
an important item, but it is only one part of the gas-making 
plant. The best producer cannot make gas without the proper 
operation and control, and it cannot deliver gas to the furnaces 
without a proper distribution system. There are few places 
where proper planning and anticipation of difficulties will have a 
greater effect on the success of the project than in the design of a 
producer-gas system, This is particularly true when using bitu- 
minous coal. 

It is possible to lay out a plant so that one man per shift can 
take care of either one or two producers, a boiler, and the handling 
of coal and ashes. He might have to have occasional help in 
cleaning out dust legs, or in dumping a car of coal, but on the 
other hand, if the producer is located close enough to the furnace, 
he may also serve as the furnace operator. 

Coal can be discharged from trucks or cars through a hopper, 
feeder, and bucket elevator to the coalbins. A double-roll 
crusher should be provided so that mine-run coal can be used 
even if it is planned to use sized coal. Bins above the producers 
can be large enough to carry a 2-day supply of coal, which is the 
preferable arrangement, or the feed bins can be smaller with an 
auxiliary storage silo. The equipment should be designed so that 
no hand labor is necessary except in occasional emergencies when 
coal must be reclaimed from an outdoor stock pile. Segregation 
of coarse and fine coal in the bins must be minimized. It should 
never be necessary for an operator to enter a coal-feed bin, as 
there is always a slight danger that gas may leak up into the bin 
and the man might be overcome. 

The operating floor of a producer plant is really the second 
floor of the building, level with the top of the producers. All 
control instruments, motor starters, steam gages, water columns, 
valves, and air blowers for the producers should be located on this 
operating floor. The boiler stack can sometimes be combined 
with the burnout stack for the gas lines. Ashes from producers 
and boilers should be discharged to a skip hoist or conveyer which 
delivers them to an overhead ash bin so that no hand labor is 
necessary. 

The lower floor of the building should be enclosed, as the pro- 
ducers do not supply enough heat to prevent freezing around the 
wet ashes, floors, and conveyers. Floors and pits should be 
drained so that a hose can be used for cleaning. The operating 
floor must be well ventilated and should have large doors which 
can be left open in summer and closed in cold weather. Louvers 
are usually used in the side walls just underneath the coalbins 
so that no gas can accumulate in the building. Oxygen appara- 
tus should be available in case a man is overcome with gas, al- 
though this would never happen under normal operating condi- 
tions. Water-cooled poker tips have to be built up by welding 
every few weeks, and chain-hoist equipment must be provided 
for handling them. 

Approximately 100 gal of water per ton of coal must be con- 
verted into steam for the producer blast, in addition to any heat- 
ing or power load on the boilers, and 200 gal per hr is needed for 
cooling the poker, top, and coal feeder of each producer, regardless 
of capacity. If water is scarce or expensive, the cooling water 
can be recirculated to a tank on the upper floor of the building.- 
Water-cooled valves in the gas mains have been experimented 
with but have not proved very dependable. 
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HENDRYX—UTILIZATION OF PRODUCER GAS IN INDUSTRIAL FURNACES 


Brruminous-Type Gas PropucER 


Gas has been made for years with little improvement in the 
producing and control equipment, auxiliaries, and operating pro- 
cedure. Stationary and revolving hand-poked producers gave 
way to mechanical types, but even today possibly 75 per cent of 
the producer systems in service have gas-making equipment 
which requires sledging of clinkers and much hard labor, de- 
livering a gas which varies in heat value and temperature. The 
old distribution mains are even worse, requiring much labor and 
weekly burnouts. These things have given producer gas made 
from bituminous coal a poor reputation in industry, even though 
the facilities are now available for dependable operation. 

The modern bituminous gas producer is a revolving vertical 
steel cylinder lined with refractory brick, with a stationary water- 
cooled top through which coal is fed, gas is removed, and pokers 
are operated. The bottom is sealed by a revolving water-sealed 
ash pan, which encloses the air-blast hood and plows for continu- 
ously removing the ashes. The air blast is usually furnished by 
a steam-driven turboblower, at a pressure of about 10 in. of water, 
and gas leaves the producer at a temperature of 1250 to 1500 F, 
and a pressure up to 1 in. of water. 

The producer manufacturers have done a fine job in developing 
machines which will make good gas with almost no interruptions 
when operated in a proper manner. They claim, however, with a 
great deal of justification, that it is almost impossible to get the 
users to spend the money for the correct flue system and control 
equipment needed to make the operation clean, dependable, 
and free from hard labor. The manufacturers have developed a 
simple rugged machine requiring almost no repairs. They have 
designed a center blast hood to give proper distribution of air 
without the use of tuyéres in the outer walls. They have removed 
the arms which formerly obstructed the flow of ashes, and have 
provided for continuous ash removal, both of which help to main- 
tain an even fuel bed and to prevent the loss of carbon in the ash. 
They have equalized the flow of air through the bed of hot coke 
by providing a means for stopping the rotation of the ash pan 
automatically for a few seconds at a time, while the upper part 
of the producer continues to revolve. This causes a grinding ac- 
tion in the fuel bed which reduces blowholes and unequal flow 
of gas. Coal feeders now give excellent distribution and control of 
feeding rate without leakage of gas. The motion of the water- 
cooled pokers has been changed to give more frequent and 
thorough agitation of the upper part of the fuel bed without plas- 
tering the hot sticky ash against the walls of the producer. Both 
the poking and grinding actions are necessary to break up the 
caking of the coal in the fuel bed, and to prevent channels and 
blowholes which cause hot spots in the fuel bed and to permit 
the gas to burn to CO, in the producer. 


AUXILIARY AND ConTROL EQUIPMENT 


The operation of a producer must be kept constant, in the face 
of continually changing demands for gas, and many variations in 
fuel and fire bed. This is almost impossible under strictly manual 
operation. 

Gas is made by blowing a mixture of steam and air through a 
deep bed of incandescent carbon. If air alone were used, the 
fuel bed would become very hot, resulting in clinker trouble in 
the producer and a very lean gas. 

The fire bed of the producer contains four zones as follows: 

1 The ash bed at the bottom, which protects the blast hood 
from the heat and aids in distributing air from the hood to the 
fuel bed. 

2 The oxidation zone, where the only reaction is the almost 
complete combustion of carbon to CO:, with the liberation of 
14,550 Btu per lb of carbon. This zone is only about 6 in. thick 
and is the hottest zone in the producer. 
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3 The reduction zone above the oxidation zone, where the 
CO, is reduced to CO by the hot carbon, with a corresponding 
endothermic reaction of 5850 Btu per pound of carbon, and the 
steam reacts with the carbon to form hydrogen, CO and CO:, 
further reducing the temperature of the fuel bed. 

4 The distillation zone at the top where the volatile matter 
in the coal is distilled off and moisture is evaporated. 


The fuel requires 2 hr or more to pass through these reactions, 
but the air, steam, and gas are in contact with the fuel for little 
more than 1 sec in a bituminous producer, and for possibly 3 sec 
in the coke type. It is therefore exceedingly important that the 
various zones are held constant in thickness, “porosity,” and tem- 
perature, and it is evident that this can only be done with equip- 
ment that has been carefully developed for the purpose, with 
controls made as automatic as possible, and with intelligent 
operation. When the load varies, these factors become increas- 
ingly important. Variations in fineness or caking qualities of the 
coal, and in the fusion point of the ash, affect the operation. 

Air must be delivered to the blast hood in a manner which can 
be automatically controlled by the demand for gas, in spite of 
variations in the resistance of the fuel bed. Older producers 
usually were equipped with steam-jet blowers, but the need for 
fan-type blowers is now almost universally recognized, and many 
old producers have been equipped with modern blast equipment. 
When used on bituminous producers, the blowers are directly 
connected to small variable-speed steam turbines, and the exhaust 
steam is connected into the air blast. On coke and anthracite 
producers, the steam pressure from the water-jacketed shell is 
not high enough to operate a turbine, and the blower is therefore 
driven by electric power. 

In most plants, particularly where the gas demand is not con- 
stant, the volume of the air blast is controlled by a pressure regu- 
lator connected to the gas main. The pressure in the main is 
usually between 0.2 and 1 in. of water. If the furnace operator 
turns on more gas, the pressure in the main immediately drops 
and the regulator feeds more steam to the turbine. The small 
pipe between the gas main and the regulator is kept free from 
tar and dust by blowing a very small amount of air through it into 
the main. Variations in resistance of the fuel bed will not affect 
the accuracy of the control, and the operator can adjust his regu- 
lator to allow for the pressure needed in the gas mains. When 
used with a motor-driven blower, the regulator adjusts a damper 
in the air line. 

The volume of gas leaving a producer cannot be measured, 
due to the tar and dust, but the amount of air blown to the pro- 
ducer can be indicated and this is a measure of the gas delivered. 
All producers should be equipped with an orifice plate in the air- 
blast line, with an indicating or recording differential gage on the 
instrument panel to show the operator how much air is being 
fed to each producer. The operator will then know when the 
furnaces are using more gas, and he can regulate his coal feed and 
make other adjustments accordingly. He will also know whether 
each producer is carrying its share of the load. This indication 
of air volume is used on very few producers, but all operators who 
have tried it report that it is one of the most .valuable instru- 
ments in the plant. 

Where a producer plant is operating in connection with a single 
furnace, and both the producer and the furnace are under the 
control of one man, automatic regulation can be obtained by 
means of volume instead of pressure. The furnace operator will 
adjust the volume-control instrument to give enough gas for the 
furnace, and this instrument will then automatically control 
the speed of the turbine so that a constant volume of air is fed to the 
producer, regardless of the resistance against which this air must 
be delivered. This method has the advantage that the producer 
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will deliver the required amount of gas, regardless of obstructions 
in the line between the producer and the furnace. 

The amount of steam in the air blast is one of the most impor- 
tant factors in producer operation. In the reduction zone in the 
producer, the CO, is reduced to CO by contact with hot carbon, 
with a consequent absorption of heat amounting to 5850 Btu per 
Ib of carbon. The hotter the fuel bed, the more rapid and com- 
plete will be this reaction, resulting in less CO. and more CO in 
the gas produced. The high temperature also results in more 
active action between the carbon and the steam. However, 
the temperature which can be maintained is limited by the fusing 
temperature of the ash, so enough steam must be introduced to 
lower the temperature of the reduction zone to a safe point, by 
combining with the hot carbon to form H2, CO, and some COQ . 

When ‘the old steam-jet blowers were used, the proportion 
of steam to air could not be accurately controlled and too much 
steam was usually put into the producers. When a turbine- or 
motor-driven blower is used, the amount of steam is adjusted 
by observing the temperature of the mixture of air and steam, 
This is usually at some point between 130 and 150 F. When the 
correct figure has once been determined for a certain coal, it is 
not difficult for a producer operator to maintain this so-called 
“saturation temperature.” The exhaust steam from the turbine 
is discharged into the air blast, and some live steam is usually 
added. When more air is needed the turbine is speeded up, 
automatically adding more steam to the blast. Automatic tem- 
perature control of the blast is often furnished but is not abso- 
lutely needed when turbines are used. It is necessary when blow- 
ers are motor-driven. 

Fig. 1 shows the blast temperatures corresponding to various 
inlet-air temperatures and pounds of steam per pound of coal. 
Fig. 2 shows results of tests reported by W. P. Chandler of Car- 
negie-Illinois Steel Corporation indicating the increase in the 
quality of the gas when the proportion of steam in the blast was 
decreased. In practice, however, it is usually dollar efficiency 
rather than thermal efficiency which counts, and as coals with 
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high ash-fusion temperatures are rarely available, we choose more 
steam and a poorer gas rather than a job of sledging clinkers out 
of the producers. 

Producer gas is a very “lean’’ gas, due to the high percentage 
of inert nitrogen introduced with the oxygen in the blast. The 
use of steam as a reducing agent to lower the temperature of the 
fuel bed and prevent the formation of clinkers, actually enriches 
the gas because it adds hydrogen without increasing the amount 
of inert gases. However, fuel must be burned to generate the 
steam, and this fuel amounts to about 5 per cent of the coal gasi- 
fied. Therefore, CO, is sometimes used in the blast, to lower the 
fuel-bed temperature, but this is only profitable where the CO, 
content of the gases is very high, as in the exhaust gases from lime 
kilns. Proper control of the percentage of CO, added to the blast 
is quite difficult. 

- High fuel-bed temperatures do not necessarily mean high gas 
temperatures leaving the producers. Gas temperatures usually 
run between 1250 and 1500 F, but may be as high as 1800 to 1900 
F when used in kilns for burning limestone, where producers are 
usually located very close to the kilns. 

All automatic producers have an adjustable mechanical coal 
feed. Practicatly all of these are adjusted by hand. There is a 
recording thermocouple in the gas stream leaving the producer, 
and the operator adjusts the coal feed to maintain a reasonably 
constant gas temperature. If more air is blown through the pro- 
ducer, the top of the fuel bed soon increases in temperature, and 
the operator feeds more coal to prevent the gas from getting too 
hot. If the operator is provided with an orifice meter on the air 
blast, he knows when more gas is being generated without waiting 
for the temperature to increase, and he can regulate his coal feed 
accordingly. Automatic regulation of coal feed is now being 
applied, using the temperature of the gas leaving the producer 
to regulate the rate of feed. This is very successful, as it re- 


TABLE 3 PRODUCER-GAS DATA 
Bituminous Anthracite Coke 
Fuel used in producer coal coal breeze 
Fuel gasified, lb per sq ft per hr..... - 30-70 15-30 15.30 
Volume of gas at 60 F, cu ft per lb coal. 60 65 68 
Temperature of gas leaving producer, deg F 1250-1500 550-650 550-650 
Lower or net heating Moy “sl Btu: 
Coal or coke used, per lb.. 13500 12500 12000 
Steam 0.4 lb per Ib fuel... 450 (450) (450) 
(Anthracite and coke producers m: ake 
own steam) 
Heat input to producer, per lb fuel, Btu 13950 12500 12000 
Raw producer gas, per cu ft at 60 F.. 140 130 120 
Sensible heat of gas leaving producer per 
Tar in hot gas leaving producer, 0.0006 
lb tar per cu ft gas at 15,000 Btu.... 9 
Heat output from producer, per cu ft, -— _ — 
Heat output from producer, per |b fuel, 
Efficiency of producer, not ine ting: losses 
in boiler or gas lines. . 73.9 73.6 
Typical analysis of gas, per cent: 
He. 12.5 15.0 11.0 
3.1 0.9 0.7 
54.5 50.3 54.4 
100.0 100. 0 100.0 
= _ perfect combustion, cu ft per cu ft 
Additional air for combustion of 0.0006 Ib 
tar per cu ft of bituminous gas......... 0.11 
1.28 
Products of perfect combustion, cu ft per cu 2, 
Weight of producer gas, lb per cu ft...... 0.069 0.066 0.069 
Weight of air for perfect combustion, lb per 
Weight of products of perfect combustion 
lb per cu ft of producer gas............ 0.167 0.146 0.142 
gas at 60 F, deg F.. ‘ ae 3170 3150 3000 
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HENDRYX—UTILIZATION OF PRODUCER GAS IN INDUSTRIAL FURNACES 


duces the work of the operator and improves the quality of 
the gas. 

Table 3 gives general information on the different types of 
producer gas and is useful in the design of distribution systems, 
burners, and furnaces, and in the comparison of this gas with 
other fuel. 


DISTRIBUTION SysTEM FoR BirumMinous Propucer Gas 


Raw gas made from bituminous coal is a hot dirty fuel to 
handle. It contains dust from the fine coal falling into the pro- 
ducer and soot from the cracking of the hydrocarbons. When 
using slack coal, the dust carried over into the mains may amount 
to 5 per cent of the weight of the coal. This will fill up a round 
pipe so rapidly that the flue would have to be cleaned or “burned 
out” once a week, shutting down the furnaces and producers dur- 
ing the operation. 

This gas also contains tar vapors which will condense as the gas 
cools, gumming up valves and burners, seeping out of cleanout 
doors, and mixing with the dust to form a cokelike substance. 
It has a temperature of 1250 to 1500 F, when it leaves the pro- 
ducer, and therefore has nearly twice the volume of gas made 
from coke or anthracite and 18 times the volume of natural gas 
for the same Btu value. Consequently, mains and valves are 
large and costly. As a result, bituminous gas has been most 
frequently applied to large furnaces located near the producer 
plant and more rarely used where the gas must be distributed for 
greater distances and to a large number of burners. 

Having outlined the causes of the difficulties encountered in 
the distribution of hot raw bituminous gas, the next step is to 
see what can be done to overcome them. In the case of old gas 
mains already in use, only a little improvement is possible without 
extensive alterations. Where a new distribution system is to be 
installed, it is entirely possible to increase the length of time be- 
tween “burnouts” to 2 months, or even to a year, at the same 
time conserving the sensible heat of the gas and smoothing out 
the furnace operation. 

Gas mains can be built without any horizontal bottom surfaces 
on which dust can accumulate. They can be constructed with a 
saw-tooth bottom, with provision for removing the dust at all 
of the low points. Dust will sometimes accumulate on the slopes 
but small openings can be provided for steam lances in the top 
of the pipe, so that the dust can be blown down into the pockets 
at the bottom. However, this is a hot and dirty job, and a better 
scheme is to install soot blowers at every point in the mains where 
dust can settle, with legs or pockets having double seals through 
which the dust can be removed while gas is flowing. These 
blowers can be standard boiler soot blowers, which will withstand 
the gas temperatures quite well, but are not entirely resistant to 
the higher burnout temperatures. On the other hand, if burnouts 
can be greatly reduced or eliminated by the soot blowers, the soot 
blowers will not be damaged by the burnouts. 

The removal of the dust from the pockets is also a disagreeable 
job, particularly if it must be handled in wheelbarrows. This 
dust could be sluiced into a stream of water, but this is rarely 
available. A steam-ejector vacuum system is being used to re- 
move the dust and deliver it ina dampened condition into the ash 
bin. This dust contains about 75 per cent carbon and 25 per 
cent ash and is “red hot’? when removed from the mains. 

To prevent trouble with the tar, the gas temperature must be 
kept high enough so that the vapors will not condense, or else 
the gas must be cooled and washed. Insulation of new gas lines 
is now relatively simple since insulating refractory brick can be 
used for the complete lining of the mains, and gas can be delivered 
100 ft from the producer plant with a temperature loss of not 
more than 300 deg F, including dust catchers and mains. Wash- 
ing of bituminous gas has been tried on numerous installations in 
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the past, and there is at least one successful plant in operation 
today. However, it involves the use of expensive equipment and 
the loss of sensible heat amounting to 6 to 12 per cent of the total 
Btu content of the hot gas as well as the loss of the tar. Either 
the tar must be wasted, or costly recovery and handling equip- 
ment must be installed. 


PRODUCERS AND DISTRIBUTION SYSTEMS FOR ANTHRACITE AND 
Coxe Gas 


Gas made from coke or anthracite, while higher in first cost, is 
cooler, cleaner, and easier to handle, and may be washed if neces- 
sary with less difficulty and loss of heat. It is comparatively free 
from dust as it leaves the producer because anthracite producers 
gasify only one half as much fuel as do the bituminous type, and 
because the fuel used contains less fines and almost no hydro- 
carbons, and flows directly from distributing pipes onto the top 
of the fuel bed instead of dropping through a stream of moving 
gases. It is entirely free from tar and has a temperature of about 
600 F, making it possible to deliver it through steel pipe lines of 
smaller size, with insulation on the outside of the pipe. No time 
need be lost in burning out the mains. Higher pressures and velo- 
cities can be used and a booster blower can even be connected to 
increase the pressure of the gas after it leaves the producers. 
In the past this gas has usually been washed, but in recent in- 
stallations the velocity has been increased by the use of bowers 
to the point where dust will not settle out, and gases are dis- 
tributed in the hot raw condition. Standard valves, fittings, and 
burners can be used, and the burners require much less attention 
from the furnace operators. 

The producers used for coke and anthracite are quite different 
from bituminous producers, mainly because these fuels do not con- 
tain tar and hydrocarbons. Therefore the fuel bed does not 
cake to any great extent and no mechanical poker is needed. 
The bed can be 5 ft deep instead of about 2.5 ft, resulting in cooler 
gas. The construction is very much simpler than in the bitu- 
minous machine, since the shell is stationary, while only the 
bottom revolves. The blast hood is large and is usually eccentric 
in shape, so that it grinds the ashes and agitates the fuel bed as it 
revolves. In some producers it is attached to the revolving ash 
pan in which case a deep water seal is used and the blast pres- 
sure is limited to approximately 20 in. of water. In others, the 
revolving blast hood supports the fuel bed, and ashes are dis- 
charged through the hood into a stationary hopper below. These 
producers can be operated with a blast pressure of several pounds, 
since no water seal is used. Coal feeders are either stationary or 
revolving. The producer shell is water-jacketed instead of being 
lined with brick and generates enough steam to mix with the air 
blast. 


REFRACTORIES 


The refractory-brick lining of a bituminous producer is subjected 
to continuous abrasion from the passage of fuel and ashes, and to 
occasional destruction from the formation of clinkers and the 
necessity of breaking them loose from the walls with heavy bars. 
The temperature of the lining usually is not excessive, but hot 
spots sometimes develop, due to channeling of the fires. A dense, 
strong, high-heat-duty brick is required to resist these conditions. 
Tbe lining can be either 4'/2 in. or 6 in. thick, backed up with 2'/; 
in. of strong insulation next to the shell. A high-temperature 


cold-setting refractory mortar should be used, and all joints 
should be kept as tight as possible. When using coal having a 
very low ash-fusion temperature a few courses of silicon-carbide 
brick are sometimes used at the clinker line. 

Mains for carrying hot raw bituminous gas do not exceed 1400 
F except during burnouts. Steam jets and lances must be used 
to stir up the dust. Formerly, mains were lined with 4'/; in. of 
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fireclay brick, sometimes surrounded with insulation. The de- 
velopment of lightweight refractory brick which will withstand 
these conditions has greatly simplified the construction of these 
mains. The entire 9-in. lining can be built of 2600-deg insulating 
refractories, or lower-temperature insulating brick can be used 
in the outer 4!/:-in. portion. This brick is somewhat lower in 
cost and higher in insulating value. Flue linings usually involve 
a great deal of complicated brickwork and the use of insulating 
refractories which can be easily cut, sawed, ground, or rubbed 
into any desired shape greatly reduces the bricklaying labor cost. 
A cold-setting mortar should be used, with expansion joints about 
every 20 ft. No fireclay brick need be used except in the connec- 
tion from the producer to the dust catcher, and for construction 
of the valve seats. Cast-iron seats are now seldom used. 


FURNACES AND BURNERS 


Producer gas is not only a cheap fuel, but is admirably adapted 
to many heating operations, particularly where a soft luminous 
flame is desired. As can be seen from Table 3, it has a theoretical 
flame temperature of about 3100 F, as compared to 3700 F, for 
natural gas and 3800 F for oil. This makes it especially suited to 
steel reheating, where the entire furnace must be filled with a 
hazy slightly reducing flame and “hot spots” must be avoided. 
The same characteristics, at slightly higher temperatures, make 
it suitable for burning refractory brick. A glass tank can be 
completely filled with a luminous flame having the high radiation 
characteristics so desirable for heating this transparent molten 
bath. With producer gas, it is easy to get delayed combustion, 
even when using highly preheated air, an operation that is very 
difficult when using natural gas or oil. 

Bituminous producer gas is used for firing vertical-shaft lime 
kilns and also rotary kilns for lime and other products where 
freedom from ash deposits is necessary. Freedom from ash 
makes it suitable for firing many ceramic products, where both 
bituminous and coke or anthracite gas are being used. 

In many of these furnaces, the fuel requirements are large, 
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and the gas and air are merely admitted through ports in the 
furnace walls. The air is usually preheated by regeneration or 
other means, and this preheating becomes very necessary when 
high temperatures must be reached. It is sometimes claimed 
that there is no object in keeping the gas hot between the pro- 
ducers and the furnaces, as this may reduce the furnace efficiency 
because the exhaust gases will not be cooled in the gas regenera- 
tors. Intermittent steam jets can be used if necessary in order 
to keep soot from building up on the reversing valves and burner 
ports. 

Where a number of smaller burners have to be used, bitumi- 
nous gas is usually fired through a cast-iron burner with a fireclay 
burner block. The gas flow is controlled by a slide or inverted- 
cone valve, which has to be opened and closed about once an hour 
to keep it clean. The air, preferably preheated, often acts as an 
injector to draw the gas into the burner block. A very short 
oxidizing flame can be obtained by using enough air and moving 
the air pipe away from the block. A reducing or delayed com- 
bustion flame is produced by using less air and moving the pipe 
closer to the throat of the burner. These burners must be thor- 
oughly cleaned about once every 24 hr and large cleanout doors 
must be provided. Since the gas going to each burner cannot be 
measured, it is advisable to have an orifice and an indicating dif- 
ferential gage in each air line. The air can then be set for any 
desired quantity, and the gas adjusted to give the required tem- 
perature and flame quality. 

Producer gas made from anthracite or coke, either washed or 
in the hot raw condition, can be burned in standard gas burners 
large enough to allow for the low Btu value of the gas, or it can 
be regenerated and burned in ports. It is particularly suited to 
plants where the burners are widely scattered, as in smaller 
heating furnaces, and in the underfiring of coke ovens. 

Everything considered, producer gas made from bituminous 
coal, anthracite, or coke can be a very desirable fuel if proper 
consideration is given to the economic, engineering, and operating 
factors which so materially affect the success of the project. 
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Pulsation and Its Effect on Flowmeters 


By E. J. LINDAHL,? COLUMBUS, OHIO 


Flowmeter readings are apt to be seriously in error if 
the fluid flowing through the meter is subjected to rapid 
recurring variations in velocity or pressure or both. Flow 
having these variations is thought of as being “pulsating 
flow.” Much thought has been given.to pulsating flow or 
pulsation and much has been written about it. It is the 
intention of this paper to bring together some of the results 
which have been published. 


CAUSES AND EFFECTS OF PULSATION 


TEADY flow of a medium exists when the mass rate of flow 
S through a device is constant, when the velocity, pressure, 
and temperature at any point remain constant, and when 
thermal equilibrium has been reached by the device through 
which the medium is flowing. In the case of unsteady flow, 
one or more of the conditions mentioned does not exist. Pul- 
sating flow can exist when rapid velocity or pressure variations 
occur and 1s seen to be a special case of unsteady flow. 

The causes of pulsation are numerous. One of the chief 
sources of pulsation in gas pipe lines is the reciprocating com- 
pressor. Another source is water surging back and forth in a low 
portion of a pipe line. Air enters the intake manifold of an inter- 
nal-combustion engine having pulsation due to the pumping ac- 
tion of the engine pistons. Clattering check valves and un- 
damped diaphragm regulators in a line are also offenders. Steam 
flowing to a reciprocating engine has pulsating flow. Any device 
that causes intermittent flows or pressures is a source of pulsation, 
since pulsations take place as a result of recurring rapid varia- 
tions in either velocity or pressure. 

One device which is greatly affected by pulsation and which 
concerns engineers is the inferential meter. While it is true that 
there are some pulsations which have no effect on the meter 
reading, there are other pulsations which render the meter read- 
ing invalid. Since the measurements which involve large 
quantities are made with flowmeters, it is extremely important 
from a dollars and cents standpoint that these meters read ac- 
curately. As a result, a great deal of time and money have been 
spent by concerns in the gas industry to determine means for 
reducing the errors in meter readings resulting from pulsation. 
This paper will deal chiefly with the effect of pulsation on meters. 
In passing, it might be said that at the present time very little 
study has been made to determine errors in the measurement of 
liquids having pulsating flow. 

It is now generally accepted that any inferential-head meter 
will measure correctly if the secondary device will measure ac- 
curately the differential pressure across the primary element, 
and if the average of the square roots of the instantaneous read- 
ings can be determined. In the case of steady flow these opera- 
tions are comparatively simple, but when the flow is at all un- 
steady this is not true. 
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If the differential is irregular as a result of rapid variations in 
velocity or pressure the meter is inaccurate because of the fact 
that most secondary devices are too sluggish to follow the actual 
changes in differential pressure caused by rapidly changing flow. 
Furthermore, the differential pressure, indicated by the second- 
ary device, is an approximate average of the maximum and mini- 
mum differential pressures. When the square root of this aver- 
age is taken, the resulting value is higher than the average of the 
square roots of the instantaneous differentials, and the flow as 
determined from the meter will be too high. 

This can be illustrated by assuming that the flow through a 
meter varies in a@ manner such that the differential is, for ex- 
ample, 49 in. during one second and 25 in. the next second. The 
average rate of flow over this period is proportional to 


+ 


r6; if the average meter differential is 37, 


the rate of flow as registered by the meter is proportional to 
(37)'/2 or 6.083. The error due to pulsation is (6.083 — 6.000) 
/6.000 or 1.4 per cent. 

According to most investigators the error is always positive, 
but cases of negative error have been found which have been 
attributed by some engineers to pulsation. The magnitude 
of the error may be up in the hundreds of per cent. 


MATHEMATICAL ANALYSIS OF PULSATION ERROR 


In order to show how pulsation acts to give erroneous meter 
readings a mathematical analysis of three types of waves will be 
made. It must be kept in mind that the method of calculating 
the error due to pulsation is only theoretical and no attempt 
should be made to apply it in a practical case. It will, however, 
indicate why pulsation error exists. 

Three wave forms, i.e., the rectangular, the sine, and the 
triangular, will be analyzed. Two assumptions in regard to 
meter behavior are made in these analyses: (a) it is assumed that 
the pulsations occur with such rapidity that the portion of the 
meter upon which the differential is impressed cannot follow 
the rapidly fluctuating differential pressures; and (5) it is assumed 
that the wave is symmetrical and that the meter gives a reading 
which is the mean between the upper and lower limits of the 
pulsation wave. 

The sine wave would result if a single-cylinder compressor 
had the connecting rod replaced by a Scotch yoke, as shown in 
Fig. 1(a), since the piston would have simple harmonic motion 
and the wave displacement assumed to follow the motion of the 
piston. The wave would then be as shown in Fig. 1(b), with p as 
the maximum displacement of the pulsation wave and with the 
angular displacement of the crankpin through one revolution 
plotted as the abscissa. 

The rectangular wave form will be first discussed in detail, 
since its analysis presents less of a problem than the other two. 

The differentials encountered are illustrated in Fig. 2(a) and 
apply to one revolution of the crank of a compressor. The phase 
angle of the crank is plotted as the abscissa and the instantaneous 
differential as the ordinate. The meter reading (indicated by h) 
is taken halfway between the maximum differential (h + p) due 
to the pulsation and (hk — p) the minimum differential, p being the 
distance between the instantaneous differential and the meter 
reading. The instantaneous value of the true differential is 
indicated by H. If K is used to designate all of the constants, 
such as (2g)”2, velocity of approach factor, etc., then Qm, the 
flow as indicated by the meter, is equal to Kh’/?. If, instead of 
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Fic. 2 REcTANGULAR WAVE 


plotting the instantaneous differential, the instantaneous flow is 
plotted, the result is as shown in Fig. 2(b). If the area under the 
curve is taken for one cycle (angular displacement 0 to 27), and 
the area is divided by the length of the cycle, there results the 
average ordinate which is the average rate of flow and 


_ + + K (h—p)'* 
Qr 


or 
‘ 1 1 
Q. = [(h + p)'/2 + (h — 


Then the ratio of the flow as determined by the meter to the 
actual rate of flow is 


Qn Kh'/: 
Q,, 


+p)? + (h— 


Sine Wave. As has been pointed out, a sine wave as shown in 
Fig. 3(a) will result theoretically if the connecting rod of a single- 
cylinder compressor is replaced by a Scotch yoke. Any distance 
H from the datum to the wave represents an instantaneous value 
of the true differential which for this particular wave form is 
(h + p sin 6), while the distance h to the horizontal dashed line 
represents the differential as indicated by the meter. If K is 
again assumed to be the meter constant, the rate of flow as indi- 
cated by the meter is again Q,, = Kh'/?, and the instantaneous 
true rate of flow is 


Q; = K(H)'” or Q; = K (h + psin @)'/2 


If the instantaneous true rates of flow are plotted the result is 
Fig. 3(b). In order to obtain the true average rate of flow it will 
again be necessary to determine the area under one cycle of the 
curve and divide this area by the length of one cycle. The flow 
which takes place while the crank turns through the angle dé 
is 


K (h + psin 6)'/? do 


and the total flow from one revolution of the crank is 
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The average flow over this cycle then is 
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a == (h + psin 6)'/* de 
2rJo 


If it is desired to find the actual discharge for pulsating flow 
from the foregoing equation, the equation must, of cgurse, be 
integrated. This is done after the portion (hk + p sin 6)'/? has 
been expanded by the binomial theorem. The binomial 
theorem in terms of symbols for five terms is 
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then the expression for discharge, when integrated is 


Kh'/2 2 1 1 
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Since sin 2x = 0, sin 0 = 0, cos 2x = 1, and cos 0 = 1 when the 
limits have been substituted in the foregoing equation, the result 
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Then the ratio of the rate of flow as indicated by the meter to 
the actual rate of flow when the pulsation is in the form of a sine 
wave, is 
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It will be observed that if the amplitude of the pulsation p is 
zero, the flow as indicated by the meter is equal to the true rate 
of flow. If the meter differential and the amplitude of the pulsa- 
tion are known the ratio of the two can be found and the per- 
centage of error in the meter reading determined from the expres- 

0. which is equal to Q, 

Triangular Wave Form. To take another hypothetical case, 
assume the wave form to be triangular as shown in Fig. 4(a). 
The reading of the meter is, as before, K(h)'/*.. The value of the 
instantaneous differential H in each case is as follows 
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When the instantaneous rate of flow is plotted the curve takes 
the form as indicated in Fig. 4(b) and the rate of flow is as noted 
in the figure. 
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The flow during the period that the crank turns through a 
complete revolution is 
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This equation is of the form (a + bu)"du which when integrated 
(a + bu)" +1 


is ey 1) Since in this case n = !/, the form when in- 
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Tue THEORY OF PULSATION 


Numerous articles dealing with pulsation and the effects of 
pulsating flow have appeared in technical literature from 
time to time. Most of them deal with the inaccuracy of meters 
handling fluids subject to pulsation. 

Among the first references is one by William Mayo Venable 
(1)* in 1905, which stated that piezometer tubes used in meas- 
uring the static head on centrifugal pumps gave values that 
were abnormally high. He attributed the error to pulsation 
caused by the limited number of vanes or blades in the pump 
runner. 


3 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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In the 1914-1915 Proceedings of The Institution of Civil Engi- 
neers Prof. A. H. Gibson (2) pointed out that “most devices for 
measuring fluid motion do not record the true mean of a pul- 
sating flow and that the error increases,” and that ‘fluctuations 
in velocity (are) accompanied by fluctuations in pressure.” 

In 1916 three interesting and significant articles appeared 
pointing out the inaccuracy of meters when measuring fluids 
having pulsating flow. One by Allen Hazen (3) indicated that 
wide and sudden variations in flow cause errors in the head pro- 
duced by a Venturi meter and that elastic pipe and too-small 
air chambers when used with reciprocating pumps cause these 
errors. Another by EF. G. Bailey (4) stated that steam flowing to 
a reciprocating engine is erroneously measured by a flowmeter 
because of velocity and pressure variations. F. P. Fisher (5) 
attributed to pulsation the discrepancy in meter readings when 
the meters were placed some distance apart in a pipe line from 
a compressor. 

In 1922 the results of an investigation by Judd and Pheley 
(6) appeared in a bulletin published by The Ohio State Univer- 
sity Experiment Station. This was the first real attempt to 
determine the nature of pulsation and to study methods of 
eliminating pulsation itself and the detrimental effects of pulsa- 
tion. The conclusions drawn by Judd and Pheley are still con- 
sidered sound; in fact, most of the later theorizing and investi- 
gating has been based upon the ideas originally brought out 
by them. Subsequent investigations have served to substantiate 
their conclusions. 

Their studies were made with air on Venturi meters, orifices, 
nozzles, and Pitot tubes. Among the pertinent conclusions 
which these two men drew up are the following: 

(a) Pulsations in pipe lines consist of sudden changes in 
velocity and pressure of the fluid. 

(b) Pressure changes cause the largest pulsations. 

(c) The pressure change is in the form of a wave front re- 
sembling a traveling sound wave of low velocity. 

(d) The pressure wave travels with the velocity of sound. 

(e) Velocity of pulsation is independent of the velocity of 
fluid flowing. 

(f) The effect of pulsation on a flowmeter is to increase the 
reading. The magnitude of the error is a function of frequency 
and pulsation, static pressure of the fluid, type of meter, and 
adjacent fixture in the pipe line. 

(g) Pulsation must be eliminated or reduced greatly to have 
the meter read without appreciable error. 

It was also pointed out by them and now generally believed 
that no correction factors can be applied to a meter reading to 
correct for the error caused by pulsation. In most of the cor- 
rection equations several things, such as frequency of pulsa- 
tion, the shape of the wave, the amplitude of the wave, etc., must 
be taken into account. It is also felt that errors due to rapid 
pressure change are far more severe than changes in velocity. 
The fact is that there can be errors caused by rapid pressure 
changes without the presence of changes in the rate of flow of the 
mass in the pipe line. This has been illustrated by placing a 
positive-displacement meter on a dead-ended line. The meter 
valves will clatter and the meter will register a flow if pulsation 
is present. Likewise, a reading will be indicated on a manome- 
ter across an inferential meter, such as an orifice, when placed in 
a dead-ended line if pulsation exists. 

Studies which have been made indicate that in addition to 
the primary pressure waves in the fluid between the disturbance 
and the primary element, there are also pressure waves of dif- 
ferent amplitude existing in the primary element on the side 
opposite from the disturbance; and suggest that these waves 
might be slightly out of time with the waves on the other side, 
so that the effect of pressure variation is multiplied at times. 
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Then, in addition to the primary waves, there are harmonics 
which are affected by the size and shape of the conduit on both 
sides of the primary element. The differential across the pri- 
mary element where pulsation exists is thus a complicated vary- 
ing pressure made up of many elements. This was shown by an 
electrical instrument developed by S. R. Beitler (7) in connection 
with the pulsation research sponsored by the American Gas As- 
sociation and The American Society of Mechanical Engineers. 
With the equipment as originally used it was possible to ob- 
tain a record of the pressure variations on either side of the 
primary element. However, a study of these records (along 
the line of reasoning mentioned) indicated that a knowledge of the 
differential pressure was desirable, and a special mixing switch 
was designed which made it possible to secure a record not only 
of the inlet or outlet pulsation waves but the differential pulsa- 
tion waves as well. Fig. 5 shows some of the records taken with 
this instrument under various conditions of pulsation. 


Upstream Wave 


Oifferentia!l Wave 
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A study of these records will show that there is no regularity of 
pulsation waves, and no apparent relation between the shape and 
amplitude of the waves on the two sides of the primary element, 
and that the differential wave bears no similarity to the other 
waves. These records were made at a gas-compressor station 
where the pulsation was produced by one compressor running at 
almost constant speed. The meter was placed directly on the 
outlet of the aftercooler so that the pulsations would be as nearly 
constant as possible. Because of the fact that the waves were so 
irregular it is practically impossible to include the effect of wave 
form in an equation for correcting the rate of flow. 

If the pressure differential could be measured instantaneously, 
and if the square roots of these two pressures could be averaged, it 
is possible that a meter would indicate the rate of flow accu- 
rately. This would be true, because while the velocity through 
the primary element does not vary directly with changes in pres- 
sure waves, the energy present due to these waves will be used 
either in accelerating or decelerating the fluid passing through 
the primary element, so that the decelerations should balance the 
accelerations. The average flow will be indicated by the aver- 
age of the square roots of the instantaneous differential pres- 
sures across the primary element. 

While it is true that each meter installation presents its own 
problems and that each disturbance creates pulsations which can- 
not be analyzed, certain general conclusions in regard to pulsa- 
tion can be drawn. In a paper by S. R. Beitler (8) which re- 


ports the results of research conducted at several stations, it is 
pointed out (a) that for a single diameter ratio the error be- 
comes larger for decreasing values of the differential; (6) that 
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with a constant differential the error becomes larger with smaller 
diameter ratios; and (c) that at any one rate of flow the suction 
pulsation causes a smailer error than the discharge pulsation; 
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In other words, it might indicate severe pulsations while the pul- 
sations might be so slight that the meter error would be negligible. 
A sketch of Mr. Bean’s detector is shown in Fig. 8. The by-pass 
valve is left open until the pressure in the tank reaches main 
pressure. The by-pass is then closed, and if the drop of water 
moves back and forth pulsation is present. Any slight change 
in static pressure or a pulsation of appreciable magnitude causes 
the water to be withdrawn into either the gas main or the pres- 
sure tank. Ifthe drop of water does not move the flow is certain 
to be pulsationless, 

A device designed by S. R. Beitler (7) and J. E. Overbeck is 
similar to the one just described and is shown in Fig. 9. In this 
device the gas-pressure tank is connected to the meter-run line 
through a '/2-in. line in which is placed an orifice plate, the di- 
ameter of the orifice being '/s in. The manometer shown in 
the figure is then piped up to measure the pressure drop across the 
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but suction pulsation is just as serious as discharge pulsation if 
the amplitude of the pulsation is the same in both cases. These 
conclusions have been substantiated by other tests. Figs. 6 and 7 
show the results of tests reported in this paper. 

The magnitude of the error depends upon the quantity of fluid 
being measured, the resistance and capacity between the dis- 
turbance and the meter, and the viscosity and density of the 
fluid being measured. 

According to H. F. Hagen (15) tests on centrifugal- and pro- 
peller-type fans are apt to be in error because of erroneous velocity 
and pressure readings caused by pulsating flow. 

Tests (10) that have been conducted reveal that the meters 
made by several manufacturers gave the same amount of error 
when tested simultaneously. 


MeEtuHops oF DETECTING PULSATION 


If two meters are placed in series in a given line at some con- 
siderable distance apart and if the one nearer the potential source 
of pulsation gives a reading which differs from the reading given 
by the other by an amount greater than the usual discrepancy 
between meters, then it is certain pulsation has been created. 

If a meter is subjected to constant quantity of flow and if the 
indicator on the meter produces a line which indicates a variable 
rate of flow by a wavy line, then the presence of pulsation can be 
suspected. This does not mean, however, that pulsation must 
exist if the meter charts have wavy lines nor does it mean that 
every case of pulsating flow will produce a wavy line. 

One pulsation detector was devised by H. S. Bean (9) which 
had only the defect that it was too sensitive for most installations. 


Fic. 8 Putsation Detector (Bean) 


Fic. 9 Puvusation Detector (BEITLER 
AND OVERBECK) 


1/,-in. orifice. As has been pointed out previously, an orifice sub- 
ject to pulsations will show a differential pressure even when 
there is no flow. This device takes advantage of this fact, and a 
differential reading on the manometer is an indication of the 
presence of pulsations. This device partially overcomes the 
defect of Mr. Bean’s pulsation detector in that the liquid does 
not escape so readily but large rapid changes in static pressure 
will force the liquid out of the manometer. Slight changes of 
static pressure will cause differentials on the manometer which 
are not caused by pulsations. As m the case of Mr. Bean’s de- 
tector, if no differential is shown on the manometer then it is 
certain that no pulsation exists. 

Another instrument, which was electrical and also devised by 
Professor Beitler, consisted of two diaphragms of stainless steel 
about 1 in. diam and 1/3 in. thick which were connected to each 
side of the primary metering element by very short connec- 
tions and so constituted that a pressure variation would be indi- 
cated by a very slight movement of the diaphragms. Piezo- 
electric crystals were used to indicate the motion of the dia- 
phragms, and the voltage produced was amplified and recorded 
on a recording voltmeter. The whole apparatus gave a record of 
the wave form at both the inlet and outlet pressure taps. The 
recorder was capable of responding to very rapid fluctuations 
of the pressure, and the complete record of the form and ampli- 
tude of the pressure variations was made on a high-speed chart. 
The wave forms shown in Fig. 5 were recorded by this instru- 
ment. If no pulsation is present a straight line is drawn. The 
entire apparatus was constructed of standard types of instruments 
manufactured by Brush Development Corporation, Cleveland, O. 
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Another instrument described by T. K. M. Smith and R. E. 
Morter (10), which was used for detecting pulsation, was made 
up of a sylphon bellows to which a pen was attached. When 
pulsation causes the bellows to move the pen makes a mark on a 
strip chart driven by a spring motor. The record of the varia- 
tions of pressure is thus made on the chart. 


ELIMINATION OF PULSATION 

Although it is now generally felt that no equation can be writ- 
ten for the error caused by pulsation and no meter can be built 
that will measure correctly if pulsation exists, many such equa- 
tions and meters have been devised. 

It was pointed out by Judd and Pheley (6) and since found 
true by others that: (a) it is not feasible to apply a correction fac- 
tor to a meter since the correction factor would probably change 
with every installation and every condition of flow; (6) the 
laws of pulsating flow are not well enough known to set up an 
equation for a correction factor; and (c) each installation presents 
different problems. Most of the writers who have developed 
equations for correction factors have failed to take into account 
the complexity of the pulsation wave and have treated it as a 
simple one. Some of those who have devised meters which correct 
for pulsation have failed to take into account one very important 
fundamental, namely, that pulsation is the result of pressure 
variations as well as velocity variations. 

Literature which deals with many of these equations and meters 
will be referred to. 

J. L. Hodgson (11) presents the description of a device for 
metering air with pulsating flow. A vane which oscillates with 
the pulsations carries a pointer through a hairspring. The 
pointer indicates the mean of pulsations. The rapid motion of 
the pointer is damped by vanes in an oil bath. He gives an equa- 
tion for calculating a coefficient to be used with the reading ob- 
tained with the damped reading to obtain the true rate of flow. 
Mr. Hodgson also has another paper dealing with the subject (12). 

Prof. N. P. Bailey (13) discusses a patented device which he 
indicates will give true-flow air under pulsating conditions. The 
flow of water through a calibrated orifice is claimed to be propor- 
tional to the square root of the air velocity head. Professor 
Bailey also has discussed similar meters in other papers (14). 
C. A. Dawley has patented two meters which are claimed to read 
correctly even if the flow is pulsating; one was patented in 1927 
and the other in 1928. 

H. F. Hagen (15) describes an instrument he has developed for 
determining the shape of the pulsation wave created by a high- 
speed fan. 

Equations for determining the error due to pulsation or for the 
calculation of correction factors to be applied to the flow equation 
for pulsationless flow have been prepared by N. P. Bailey (14), 
J. L. Hodgson (12), D. Gilmour (16), and A. H. Gibson (2). 

It was thought for a time that the effect of pulsation could be 
eliminated in a meter by placing obstructions or throttles in the 
gage lines. In 1922 it was pointed out by H. P. Westcott (17) 
that this would have no beneficial effect. Tests conducted by 
Eagle and Daberko (18) at The Ohio State University in 1937 
showed that such devices increased the error rather than reduced it. 

As far as is known now, the only way to remove every trace of 
error due to pulsation is to eliminate the pulsation itself. There 
can, however, be a slight amount of pulsation present which will 
not seriously affect the meter readings. 

Judd and Pheley (6), as a result of their work, set down some 
conclusions in regard to the practical elimination of pulsation 
which have since been substantiated. Among them are the fol- 
lowing: 

(a) Because of high velocity of pulsation an excessive length 
of pipe line would be necessary to destroy pulsation. 
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(b) Throttling is effective, but a great deal of throttling is 
required to reduce pulsation error. 

(c) Abrupt volume enlargements in the pipe line will eliminate 
the error if of sufficient capacity. 

(d) For the same capacity a volume with a large diameter is 
better than one of equal volume and smaller diameter. 

(e) Combination of throttling with a volume forming a 
muffler device is probably best for mechanically removing pulsa- 
tions. 

(f) Revolving baffles are partially successful in removing 
pulsation, 

(g) The effectiveness of any quieting device depends upon 
its ability to dissipate or change the energy of pulsation. 


One sure way to reduce pulsation to a negligible quantity is to 
have sufficient pressure drop between the disturbance and the 
meter. This can be accomplished by an orifice or a partially 
closed valve. In tests that have been conducted the pulsation 
error on the downstream side was insignificant when the pressure 
drop through the restriction equaled or approached the critical. 
This, however, in the case of a compressor, is a costly method 
since the purpose of the compressor will partially be defeated. 

A meter placed at a considerable distance from a disturbance 
will not be subjected to the same degree of error as a meter placed 
near the disturbance. Edward Sackett (19) points out that in 
one instance a meter placed 6 miles from a compressor had no 
error. E. P. Fischer (5) noted that a meter 17 miles from a 
compressor had no error while one near the compressor gave 
considerable error. Just how far pulsation will be carried in a 
transmission line depends upon a number of factors and will 
probably be different for every installation. 

Volumes placed in a line have proved quite effective in reduc- 
ing pulsation to the point where meter error is no longer apprecia- 
ble. The fluid having pulsation is discharged into a tank having 
considerable volume from whence it flows on into the line again. 
Several modifications of this principle have been used with suc- 
cess. Smith and Morter (10) discuss the use of volume tanks. 
They also suggest that a tank have a volume of 100 cu ft per mil- 
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lion cu ft of gas per 24 hr reduced to actual volume under the 
existing pressure and that the length of the cylindrical portion 
of the tank be 1.75 times its diameter. One tank of their de- 
sign is shown diagrammatically in Fig. 10. The pressure drop 
through these tanks is very low. 

Tests of volumes were conducted by Eagle and Daberko (18) 
in which they used the volumes in two different ways. The ar- 
rangement of the piping to the tank is shown diagrammatically 
in Fig. 11. The pulsation was produced by a two-stage compres- 
sor having a capacity of 350 cfm. In one series of tests they 
passed the air from the compressor directly through the tank by 
closing valve A and opening valve B (Fig. 11), valve C also being 
open; and in another series of tests they arranged the tank for 
“breathing” in the manner of a surge tank by opening valve A 
and closing valve B with the valve C being again open. It was 
found that the former method (passing the pulsating air directly 
through the tank) was far more effective in removing the pulsa- 
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tion than the latter. 
of 54 cu ft. 

They also conducted tests when the air was passed directly 
through a tank having a volume of only 3cuft. They found that 
the smaller volume was about as effective in removing pulsation 
as the larger one. They then used the small volume lined 
with sound-absorbing material and placed baffles of the same 
material across the path of the air flow. They found that the 
acoustic material aided in removing pulsation to a small extent 
but that the acoustic material was destroyed under the action 
of the pulsation. They also found that the pressure drop through 


The tank used in these tests had a volume 
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the acoustical device was slight and concluded that the benefit was 
due to the sound-absorbing qualities of the device. 

Two devices using the surge-tank principle are described by 
William Melas (20, 21, 22, 23) and shown in Fig. 12. It should 
be pointed out that these four articles are practically the same. 
Mr. Melas has used these devices in connection with a meter 
measuring the flow to a boiler feed pump. 

F. P. Fischer (5) constructed a device (Fig. 13) which con- 
sisted of piping so arranged that various portions of the fluid 
under pulsating flow would have paths of different length so that 
the pulsation waves would interfere with one another as they 
joined the main pipe. Theory indicated that the waves would 
be broken up by this method. Elimination of the pulsation 
proved to be only partially accomplished. 

In a report written by William Mosteller to J. T. Cortelyou, 
both of the Southern California Gas Company, Mr. Mosteller 
includes a discussion of the pulsation eliminator shown in Fig. 14. 
He points out that for maximum effectiveness in pulsation elim- 
ination, the length of the path ABC should equal the path ADC 
plus one half the length of the pulsation wave. Mr. Mosteller 
also gives an equation for calculating the wave length and the 
length X in the loop. 

Tests made on a pipe line from a compressor before and after 
the installation of this type of loop indicated that the pulsation 
downstream from the eliminator was less severe after the elimina- 
tor had been installed. The pulsation in the line between the 
eliminator and the compressor was more severe in some sections 
of the line and reduced in other sections. 

Another device which might be used as an eliminator is men- 
tioned by Mr. Mosteller and is shown in Fig. 15. 

After having studied a good many reports of test work, in- 
cluding some of the reports just discussed, L. K. Spink (24) has 
concluded that meter measurement accuracy may be improved 
by the following: 


(a) Operating at a higher differential, i.e., in a multiple- 
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meter run, shutting off one or more runs; or installing a smaller 
orifice in an existing meter run. 

(b) Installing a higher range differential gage and changing 
operating conditions in order to use the increased range. 

(c) Reducing the pipe-run diameter so as to use a higher 
orifice-to-pipe diameter ratio, still operating at differentials as 
high as practicable. Increasing the ratio of the orifice diameter 
to pipe-run diameter will reduce the pulsation error if the differen- 
tial remains constant. 

(d) Installing mufflers, headers, restrictions, or combina- 
tions of capacity and pressure drop between primary device and 
source of pulsation to reduce pulsation amplitude. 

(e) Locating the primary device at a point where the pulsa- 
tion amplitude is lower (as on the suction side of compressors). 


MEASUREMENT OF PULSATION 


Because of the fact that so many variables enter into an equa- 
tion for pulsating error and because each installation has pecu- 
liarities of its own, computation of the error due to pulsation is 
out of the question. It is therefore necessary to have some in- 
strument to determine the presence and extent of the pulsation 
error. 

A second electrical instrument suggested by S. R. Beitler using 
piezoelectric crystals was developed in which the amplitude of the 
pulsation wave was measured by an indicating voltmeter mounted 
on top of a small box containing the diaphragm holders, the 
amplifier, and the mixing switch, so that the entire apparatus was 
self-contained. The power for amplification was supplied by 
dry cells so that the apparatus was portable. This instrument 
was also. developed and manufactured by the Brash Develop- 
ment Corporation. Operating experience indicated that there 
was some question about the calibration of the electrical ap- 
paratus and, because of its sensitivity to pressure variations, it 
was extremely difficult to obtain a representative reading. A 
mechanical device which gives the amplitude of the differential- 
pulsation waves has been developed by 8. R. Beitler (25) and 
J.E. Overbeck. This device, shown diagrammatically in Fig. 16, 
is a variation of the indicator and has proved very satisfactory in 
operation. 

In its present form the mechanical pulsometer consists of two 
cylindrical volumes, A and B, Fig. 16, separated by a sylphon 
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bic. 16 MEcHANICAL PULSOMETER 

bellows C so that there will be no leakage between the two vol- 
umes which are connected to the inlet and outlet pressure con- 
nections of the meter, and as close to the primary element 
as possible. A coil spring D is mounted in volume A, which vol- 
ume is connected to the high-pressure tap. The tension on this 
spring can be changed by turning the handwheel E which is out- 
side the instrument. The scale F (each division represents !/19 
in.) indicates the elongation of the spring. Electrical connec- 
tions are arranged in volume B, which is connected to the low- 
pressure tap, so that any motion of the bellows caused by differ- 
ential pressure will be indicated by a light G located on the out- 
side of the instrument. During operation the tension of the 
spring is gradually increased until the light goes out. This in- 
dicates that the differential pressure has been equalized by the 
spring tension. When this. occurs the tension of the spring 
should represent the differential pressure due to the flow plus 
the maximum amplitude of the differential pressures. 

The instrument spring can be calibrated by comparing its 
scale readings with any differential gage when connected to a set- 
up where there are no pulsations present. When measuring 
pulsation amplitude the instrument is almost totally unaffected 
by inertia, since the moving parts are practically at rest when the 
determination is made. 

To determine the correlation between pulsometer reading, 
meter differential, and meter error a research project was spon- 
sored by the American Gas Association and The American So- 
ciety of Mechanical Engineers. A special fest station, shown 
diagrammatically in Fig. 17, was constructed near Sugar Grove, © 
Ohio, at the Crawford No. 2 Station of the Ohio Fuel Gas Com- 
pany. (It was the good fortune of the author to be a member 
of the research working committee during the period that many of 
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(Crawford No. 2, Sugar Grove, Ohio.) 


the tests were conducted.) This test station was built with two 
orifice meters in series, one on the discharge and the other on 
the suction line of a large gas compressor. Gas was supplied to the 
first orifice directly from the outlet of the aftercooler of one com- 
pressor, and after passing through the second orifice meter, was 
discharged back into the suction of the same compressor. 

With this arrangement pulsation could be maintained as 
nearly constant as possible and the other measured conditions 
could be easily changed to give the pressures and rates of flow 
desired. Throttle valves (plug-type valves) were placed in the 
line between the two meters and also between the compressor 
and the inlet and outlet of the test setting. By means of these 
valves it was possible to regulate the pressure on either one of the 
meters so that it would not be subjected either to suction or dis- 
charge pulsations from the compressor. 

This meter was then used as a standard or reference meter 
and the measurement error due to pulsation was determined by 
comparing the quantity indicated by the meter subjected to pul- 
sation (or test meter) against that indicated by the reference 
meter. The test meter was equipped with both “flange” and 
“pipe” taps, and readings were taken on both simultaneously in 
order to determine what effect the location of pressure taps 
might have on the test results. 

In order to eliminate the effect of small variations in orifice 
plates and runway construction, so-called “unity tests’? were 
run for each arrangement of orifice plates. In making these tests 
the flow into and out of the setting was throttled to the extent 
that there was no pulsation on either meter. By comparing the 
quantities as measured by the two meters under these conditions, 
an indication was obtained of how close the meters would check 
each other when no pulsation was present. 

As shown in Fig. 17, the setup is as it was arranged for the 
determination of discharge pulsation. When the study was made 
on the effect of suction pulsation the function of the meters was 
interchanged and the pulsometer was moved to the other meter. 

Since changing the speed of the compressor would change the 
type of pulsation, a by-pass was built into the setting between 
the inlet and outlet so that it was not necessary to change the 
speed of the compressor in order to change the rate of flow 
through the setting. The compressor used was a two-cylinder 
double-acting Ingersoll-Rand machine having 18'/.-in. x 48- 
in. cylinders and operating at approximately 70 rpm. 

The curve shown in Fig. 18 was determined from the tests at 
this station. In preparing this curve the results of about 500 
tests on orifices with diameter ratios of from 20 per cent to 80 
per cent in 2-in., 4-in., and 6-in. lines were studied. It was de- 


cided not to attempt to determine any correction factors but to 
concentrate on the determination of the conditions under which 
meters would measure accurately. Taking many facts into 
consideration, it was decided that a meter, subject to pulsation, 
would be normally within the limits of commercial accuracy 
when the error was less than 1 per cent. Taking into account 
spot tests made with commercial setups and recording gages, it 
was felt that the probable accuracy of any individual test not 
subject to pulsation was within the range of 0.5 per cent. 

All of the test points were plotted on a large sheet, and the 
percentage of error was marked on the points. The line was 
then drawn through the points where the error was approximately 
1.5 per cent. Because of the inherent limitations on the ac- 
curacy of the tests there were three or four points with an error 
greater than 1.5 per cent below the curve and ten or twelve 
points with less than 1 per cent error above the curve. It will be 
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noted that the same curve applies to both ‘flange and pipe 
taps. 

This curve can then be used to determine whether or not a 
meter measuring pulsation flow is accurate. It is necessary only 
to attach the pulsometer to the pressure taps and take a reading 
on it at the same time that the differential pressure is determined. 
The calibration curve is then consulted to find the pulsometer 
reading in inches of water. If the point, when plotted in Fig. 
18, falls below the curve, then the pulsation error is less than 1 
per cent and the meter is probably within the range of ordinary 
commercial accuracy. If the point falls above the curve, then 
the pulsation error is greater than 1 per cent, and the measure- 
ment with the meter will not be accurate. 

For differential pressures less than 32 in. of water the experi- 
mental curve was intentionally curved downward at the lower 
readings, since operating experience has shown that measure- 
ments made at low differentials when the flow is pulsating, are 
very sensitive to changes in pulsation, and it was felt that the 
line should be lower than normal to allow the effect of these ac- 
cidental variations. Because of erratic results the empirical 
curve was not drawn for differentials below 20 in. of water and 
if pulsations are present, it is believed better not to attempt to 
meter the flow where the differentials are as low as that. These 
curves were plotted on logarithmic paper so that points with the 
same percentage of error would be approximately the same dis- 
tance from the curve for any value of the differential head. 

In order to make use of the available test results all pulsome- 
ters must have the same general dimensions as the one used to 
determine the effect of pulsation, since the shape and dimensions 
will undoubtedly have some effect on the instrument reading. 
This pulsometer is patented and is now being built by the Re- 
finery Supply Company, Tulsa, Okla. 

As previously mentioned, the location of the curve drawn in 
Fig. 18 was determined by experiment, and it was thought that 
the results might be better understood if there was a rational ex- 
planation for drawing it in this manner. In order to see the rela- 
tionship of the empirical curve to some theoretical curves, Fig. 19 
was plotted. 

Equations developed in the second section, ‘““Mathematical 
Analysis,” were used in obtaining these curves. Values of the 
error were found for several values of p/h. Then p/h was plotted 
against the meter error for each wave form, and the value of p/h 
for 1 per cent error for each of the three wave forms was deter- 
mined from the curves. Then a relationship was set up be- 
tween the pulsometer reading (p + h) and the meter differential 
(h). 

In comparing the theoretical curves with the empirical curve 
it has been assumed that the pulsometer reading is the sum of the 
differential plus the amplitude of the pulsation. These curves 
are all drawn for 1 per cent error. It will be seen that there is a 
reasonable degree of relationship between the empirical and 
theoretical curves. 


RESEARCH TO BE DonE 


Although pulsation has received considerable thought and 
attention for a number of years and although devices have been 
built which indicate the presence and others which to a degree 
indicate the magnitude of the pulsation, considerable work re- 
mains to be done. 

No use of the pulsometer shown in Fig. 14 has been made in 
connection with a vapor having pulsating flow. Just how 
the instrument would behave if the volumes on both sides of the 
bellows or if the lines leading to the instrument were filled with a 
liquid remains to be learned through an investigation. At the 
present time it also seems quite necessary that an instrument be 
developed for use with meters having low differentials, say, 30 in. 
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and less. The curve now used, Fig. 18, cannot be used with 
such low differentials with any degree of confidence. 

It is also felt that more of a study of the pulsation theory should 
be made. Heretofore, pulsation produced by a commercial 
machine has usually been studied. It would seem to be logical 
to make a laboratory study of pulsations which could be carefully 
controlled and varied. In this way the degree of error produced 
by different devices and with different wave forms could be deter- 
mined. 

The studies mentioned are only a few which need to be made, 
There are, in fact, many others of equal importance. 
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Discussion 


J. E. Overseck.‘ The writer has had the good fortune of 
working on some of the research studies explained, as well as of 
using some of these research data in practical applications. 

If the operating gas-measurement engineers will take full ad- 
vantage of the information now available, which is set forth in 
this paper, there is certainly much to be gained. In putting these 
data to practical application, the first step should be to make a 
study of all measuring stations to determine which are liable 
to be affected by pulsation. This can be done by reviewing all 
stations and determining which ones are located adjacent to 
compressor stations. The term “adjacent” may mean that the 
meters are located on the compressor-station lot, or it may mean 
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that they may be up to 20 miles away from the compressor sta- 
tion where there is very little pressure drop or resistance between 
the measuring station and the compressor station. 

Each station suspected should be checked with a mechanical- 
type pulsometer of the type shown in the author’s Fig. 16, to 
determine whether or not the effect of pulsation is sufficient to 
cause an error in measurement. Such tests should be made under 
all of the operating conditions encountered, including rates of 
flow, number of compressors being operated, lines and connec- 
tions being used, whether or not the gas is passing through scrub- 
bers, coolers, dehydrators, etc. Generally, the pulsation effect 
will be the greatest with the least number of compressors being 
operated and with the least number of connections, ete. It is 
probable that these tests will eliminate a high percentage of the 
stations suspected, that is, the effect of pulsation will be within 
the limits as shown by the author’s graph, Fig. 18. 

Where the effect of pulsation exceeds these limits and is to be 
reduced, local conditions surrounding the meter stations are big 
factors, and which method to use, of course, will depend upon 
these local conditions, In many instances it may only be neces- 
sary to change operating conditions or make only slight changes 
in the equipment, such as changing orifice size, operating at 
higher differentials, etc. 

From the operating standpoint, the charts shown in Fig. 6 
and Fig. 7 of the paper, are helpful in determining whether or 
not to change the meter differential or change the orifice-to-pipe 
diameter ratio to obtain the most efficient results. For example, 
where it is not necessary or practical to change the pipe-run size, 


_it will be found that it is more effective to operate at the highest 


differential, even though flow conditions require a slightly lower 
orifice-to-pipe diameter ratio. 

For those stations where the pulsation effect is beyond the 
limits, as shown in Fig. 18, the suggested remedies pointed out by 
the author will certainly be helpful in reducing the error. Many 
other types of pulsation dampers have been used. Generally, 
any change in piping that will, through interference, break up the 
pulsation waves at the point of measurement will increase the 
frequency, lower the amplitude, and thus reduce the meter error. 

It may be found necessary at some stations to make more than 
one change, that is, increase the orifice-to-pipe diameter, increase 
the operating differential range and install some pulsation damp- 
ers, or change the arrangement of piping between the source of 
pulsation and meter. 


AvuTHOR’s CLOSURE 


The comments by Mr. Overbeck relative to checking and cor- 
recting meter installations for pulsation are a valuable addition 
to the paper. 

The author feels certain that there are many others who have 
something to offer which will shed more light on pulsation. There 
should be several who have tried eliminators besides the ones 
shown. There should also be additional references. No doubt 
the theory of pulsation as given in the paper can be expanded. 

The author will appreciate receiving any information on pulsa- 
tion that any reader may have. 
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Boiler Design for Extreme Load Variations 


By M. H. KUHNER,' WORCESTER, MASS. 


A summation of required design provisions for boilers 
adapted to operate under quick demand changes. Refer- 
ence is made to the quick-pickup boiler in the Harbor 
Steam Plant of the City of Los Angeles and the steel-mill 
boiler at the Homestead Works of the Carnegie-Illinois 
Steel Corporation. The importance of water storage, 
unrestricted path for water and steam in circulation, 
steam release with minimum disturbance of water body 
in drum, steam-temperature control during unbalanced 
firing, and the effect of each item on the others, is dis- 
cussed. Recommendations are made for determining re- 
quired capacity of fuel-burning equipment and fans in 
reference to the extent and rapidity of steam-load changes. 


OST boilers in public-utility and industrial plants are 
M called upon to carry reasonably steady steam loads. 

Changes in steam demand are gradual and are often pre- 
dicted in sufficient time to permit required preparations for load 
increases or decreases. Boilers of what can be termed standard 
design usually give a good account of themselves under this type 
of service. 

There are, however, other steam power plants, both public- 
utility and industrial, in which standard boilers would be quite 
unsuited. These are the plants where steam demand is unpredicta- 
ble and where load changes are instantaneous and extreme. 
Steam-electric plants which stand by hydroelectric stations 
come under this category. 

An outstanding example in the utility field is the Harbor Steam 
Plant of the City of Los Angeles, where a single boiler and tur- 
bine-generator unit must be prepared to pick up loads at the rate 
of 50,000 to 60,000 kw within seconds and without previous warn- 
ing, Fig. 1.? 

In the industrial field the steam power station of the Home- 
stead Works of the Carnegie-Illinois Steel should be mentioned, 
Fig. 2. A single boiler and turbine-generator unit feeds steam and 
power into the lines of the entire system of ‘Big Steel’s’’ Pitts- 
burgh district. Whenever a deficiency in steam or power de- 
velops in any one of the steel-mill units, it must be made up by 
the Homestead Works Power Station. Instantaneous load-rate 
changes as great as 250,000 lb of steam per hr and 20,000 kw are 
quite frequent. 

In the design of boilers suitable to serve safely and reliably in a 
power plant with sudden and extreme load variations, the follow- 
ing major points must be given careful consideration: 


1 That portion of heat stored in the boiler which will become 
available at once for steam formation with reduction in pressure. 

2 Path of water and steam through circulatory system. 

3 Release of steam formed by flashing in the water body. 

4 Control of steam temperature while steam output and fir- 
ing rate are out of balance. 


1 Chief Mechanical Engineer, Riley Stoker Corporation. Mem. 
A.S.M.E. 

?“The Harbor Steam Plant Boiler,” by Max H. Kuhner, Power 
Plant Engineering, vol. 49, June, 1945, pp. 86-89. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 17-20, 1946, of Tae AMERICAN 
Soctety or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. 


5 Effect of rapid thermal changes in steam, feedwater, and 
combustion gas on boiler pressure parts. 

6 Methods of firing and capacity of fuel-burning equipment. 

7 Selection of mechanical-draft equipment and drives as to 
type, capacity, and control. 

8 Construction of setting enclosure for momentary high in- 
ternal setting pressures. 


9 Automatic equipment for control of firing and flow of fuel, 
air, gas, and feedwater. 


Heat STORAGE 


When the steam-output rate of a boiler increases elevenfold in 
a matter of 4 or 5 sec, as is the case with the Harbor Steam Plant 
boiler, it cannot be expected that the firing rate can be made to 
increase proportionately and at the same time. Response of the 
automatic control naturally lags because the control receives its 
primary impulse from steam pressure or steam flow. It takes 
time for the fans to speed up, for dampers to arrive at the new 
setting and for increased fuel and air quantities to reach the fur- 
nace. During this time lag the boiler is required to perform scme- 
what like a steam accumulator. Steam delivered over and above 
that quantity generated by the existing furnace heat input must 
be produced by flashing, using heat stored in the boiler water. 
Part of this heat is made available with reduction in boiler pres- 
sure. Steam is formed in the body of water contained in drums, 
tubes, and headers. The greater the weight of water below the 
working level, the more heat is available for flashing of steam and 
the smaller will be the pressure loss for a given steam output. 
To have the highest possible pressure and heat head available 
at the moment of load pickup, it is advisable to control the drum 
pressure of the boiler rather than the pressure at the superheater 
outlet or at the turbine throttle. The difference between the 
drum pressure existing at the moment of the beginning of 
the load pickup and the lowest drum pressure permissible for the 
work to be done determines the steaming rate during accumulator 
operation, and the maximum permissible time lag between start 
of high steam output and correspondingly increased furnace heat 
release. 

The example of the Harbor Steam Plant boiler is probably 
best suited to illustrate the importance of heat storage. A stand- 
ard boiler unit of 650,000 lb capacity at 1000 psig, 900 F usually 
contains approximately 2500 cu ft of internal cubical space be- 
low the working water level in drums, tubes, and headers. The 
Harbor boiler has 3500 cu ft. Its hourly steaming rate is between 
60,000 and 100,000 Ib, while it is under stand-by load. The drum 
pressure is maintained at 1040 psig. It can be assumed that dur- 
ing the low steaming rate of stand-by operation the space below 
the water line is occupied by substantially solid water, that is, 
water almost free of steam bubbles. The turbine is constructed 
so that the peak generating capacity can be maintained with 840 
psig throttle pressure. Maximum pressure drop through the 
superheater, steam-temperature control system, and steam line 
from boiler to turbine, is approximately 100 psi. The boiler-drum 
pressure may therefore be permitted to drop 100 psi during ac- 
cumulator operation before capacity power output of the plant is 
impaired. 

Saturated water totaling 3500 cu ft at 1048 psig, which is the 
mean pressure between water level and lowest point of the sys- 
tem, equals 160,000 lb. It contains 551.9 Btu per lb, or a total of 
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TypicaL SteamM-LoaD Pickup From 70,000 Lp Stanp-By Rares, To . 


APPROXIMATELY 650,000 Ls Per Hr 


88,200,000 Btu. If the mean pressure is 100 psi lower, or 948 
psig, each pound of water contains 537 Btu and the total heat in 
160,000 lb of water is 85,900,000 Btu. The difference, 2,300,000, 
is available as heat to be flashed into steam. 

The heat of evaporation at the mean pressure between the ini- 
tial drum pressure (1040 psig) and the pressure at the end of the 
accumulator cycle (940 psig) is 648.5 Btu per lb; 2,300,000 di- 
vided by 648.5 = 3550 lb of steam can thus be flashed from boiler 
water. 

The Harbor boiler must deliver steam at the rate of approxi- 
mately 650,000 lb per hr to develop 55,000 kw output under rapid 
pickup conditions. The firing rate is established to produce only 
approximately 60,000 lb per hr prior to the moment the load rise 
begins. The difference at the rate of 590,000 lb per hr must be 
made up by flashed steam. A steaming rate of 590,000 lb per hr 
is 164 lb per sec; 3550 divided by 164 is 22; therefore the heat 
stored in the boiler water permits the maintenance of 650,000 Ib 
per hr steam-output rate for only 22 sec duration if the firing rate 
corresponding to 60,000 lb steaming rate is maintained.- The 
boiler-drum pressure will drop from 1040 psig to 940 psig during 
this period. The 22-sec time lag is usually sufficient for the fuel- 
burning rate to increase and to meet the new steam-output rate, 
Fig. 3. 


CircuLatTory SysTEM 


While the design for unidirectional circulation of water and 
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steam is a basic requirement for all water-tube boilers, it becomes 
much more important where boilers are subjected to rapid load 
variations. Not only must the design of the system insure that 
there can be no stoppage or reversal of flow in any of the steaming 
tubes during a quick load change, but the path of water and steam 
must be easy and direct. Abrupt changes in internal cross-sec- 
tional area within the circulatory system must be avoided. 

A sudden change in steam-output rate results in a momentary 
disturbance of the flow of water and steam in circulation. If the 
load suddenly rises with a resulting drop in drum pressure, steam 
is formed in the entire body of water contained in steaming tubes 
as well as in downflow and feeder tubes, wherever the water tem- 
perature corresponds with steaming temperature. The buoy- 
ancy of the steam globules formed in the downflow column op- 
poses the downflow of solid water. The rate of circulation is natu- 
rally low during low rates of evaporation. If there are restric- 
tions and obstructions placed in the path of natural circulation, a 
quick load rise will certainly produce stoppage and reversal of 
flow in some steaming tubes. This may lead to tube failures. If, 
on the other hand, the circulatory system is designed so that water 
and steam can find no serious obstruction in their path, full use 
can be made of the flywheel effect of the mass of water in motion. 

It is calculated that the average circulating velocity of water 
in the Harbor boiler is approximately 2 fps during 60,000 lb per hr 
evaporation. The momentum of 80 tons of water traveling at 
this velocity is an effective force opposing the buoyancy of steam 
flashed in the water during a load pickup. It assures that unidi- 
rectional flow is maintained in all tubes. This boiler has been 
subjected to a number of rapid load pickups during the past 3 
years. The performance recorded by curves, Fig. 3, is typical for 
such surges. No circulation difficulties were detected. 


Stream RELEASE 


Releasing the steam generated in the open drum space of the 
main boiler drum above the water level prevents geysering and 
turbulence of the water body in the drum and seesawing of the 
water level. In general, this method effects rapid separation of 
steam from water. A design incorporating this provision is an ad- 
vantage for all boilers regardless of type and service.* 

Rapid steam-load changes are accompanied by water-level 
variations because the steam formed in the body of water during a 
sudden load rise, not paralleled by corresponding increase in heat 
input, tends to lift the water level. The volume of the fluid below 
the water level increases in direct proportion to the volume of 
steam formed in the water body. Conversely, a sudden reduction 
in load, accompanied by a slight rise in boiler pressure, causes 
steam globules already formed, to collapse, resulting in a shrink- 
age of the volume below the water line and a drop in water level. 

It is important therefore that the drum in which steam is re- 
leased and in which the working water level is to be maintained, 
be unusually large. The maximum rise in water level must not 
reduce steam-release space to the point where there is danger of 
water carry-over, and the drop in water level must not be such 
that the entrance to the downflow system becomes exposed and 
steam, in place of solid water, is permitted to enter the downflow 
column. 

When the drum is equipped with a steam-cleaning and drying 
device the efficiency of this apparatus is usually dependent upon 
the height of the water level in the drum. If the level is too 
high the steam-purifying system may become flooded; _ if too low, 
dirty steam and boiler water may by-pass the purifier with dis- 
astrous results for superheater and turbine. Because large 
changes in water-level elevation cannot be prevented during 


3 “‘How Steam Is Released in Water-Tube Boiler Drums,” by Max 
H. Kuhner, Power Plant Engineering, vol. 48, September, 1944, pp. 
92-94. 
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sudden large changes in steam-output rates, it becomes neces- 
sary to study carefully the placement of steam-purifying equip- 
‘ment and a larger than normal drum diameter, or a separate 
steam-purifier drum is indicated. 

The Harbor Steam Plant boiler is equipped with a 66-in-ID 
steam-release drum plus a 36-in-ID steam drum placed above at 
14 ft vertical center distance. The volume of water contained in 
the 66-in-ID drum with the water line at normal elevation is 350 
cu ft while the steam space above the water line is 1110 cu ft, Fig. 
4. The normal water level is established at 9 in. below the hori- 
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zontal center line of the 66 in. drum. The water level may rise 11 
in. from normal during a load pickup or may drop 6 in. below 
normal with a sudden steam-load reduction before steam release, 
steam purification, and water supply to downflow column are af- 
fected. The effectiveness of this arrangement is indicated by the 
steam purity recorded during load pickups. The solids carried 
away in the steam usually increase momentarily from approxi- 
mately 0.1 ppm to 0.5 ppm, Fig. 3. 


SreaM-TEMPERATURE CONTROL 


During normal operation of a central station or industrial boiler 
final temperature of steam delivered by the superheater is in- 
fluenced by moisture content of the steam entering the super- 
heater, steaming rate, length of flame, excess air used for com- 
bustion, type and kind of fuel, cleanliness of furnace wall and 
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water heating surfaces placed ahead of the superheater, and clean- 
liness of the superheater surface. These are all factors which can 
change the steam temperature of an installation. A relatively 
simple system of steam-temperature control is usually sufficient to 
produce a workable steam-temperature characteristic in spite of 
the factors of normal operation mentioned. A system based on 
control of gas flow over superheater surface or on partial desuper- 
heating is often sufficient to prevent a rise in steam temperature 
to the point where superheater and turbine are endangered, be- 
cause each individual factor, or a combination of those mentioned, 
will not so seriously influence the final steam temperature that 
the range of a correctly designed control is exceeded. 

With a quick-load-pickup boiler additional factors must be 
considered as affecting steam temperature. During a sudden load 
rise, and while the firing rate lags 20 to 30 see behind the increased 
steam output, very little heat is applied to the superheater sur- 
face and a drop in steam temperature must be expected. On the 
other hand, steam temperature will risesharply with a sudden drop 
in steam demand because the firing rate, corresponding with the 
higher load, continues several seconds after the load decrease has 
taken place. More heat is therefore applied to the superheater 
surface than can normally be carried away with the steam. Con- 
ditions are aggravated for a purely convection superheater be- 
cause its normal characteristics produces a steeply rising tempera- 
ture gradient with increasing steaming rate. A superheater de- 
signed so that part of the heat is received by radiation and the 
remainder by convection, produces a more uniform steam tem- 
perature over a wide range in load. Obviously therefore a super- 
heater of this design insures a higher steam temperature at the 
beginning of the load-pickup cycle, and the effect on steam tem- 
perature by the unbalance of steam flow and firing rate at the 
moment of a sudden load drop is not as pronounced as with 
the purely convection superheater. 

In addition to the points mentioned as affecting superheater 
performance there is one factor identified with quick-load-pickup 
boilers only which has a severe effect on steam temperature. 
Heat removed from boiler water by flashed steam, with the re- 
duction in pressure, must be restored after the high steaming rate 
is established and while pressure is raised to normal. The fuel- 
burning rate is therefore not only that required to generate the 
steam delivered by the boiler, but in addition, that necessary to 
restore the heat to the boiler water and thus re-establish the nor- 
mal operating pressure. The heat input to the superheater is 
considerably greater during the time pressure is being restored 
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than required for normal steam temperature at the existing steam 
flow. During this period steam-output rate and firing rate are out 
of balance with the firing rate a considerable percentage greater 
than needed for the steam output. The result is high steam tem- 
perature. The excess rate of firing is, of course, in inverse propor- 
tion to the time permitted to restore the heat in the boiler water 
and to establish normal drum pressure, Fig. 5. The maximum 
permissible steam temperature usually limits the excess rate of 
firing and thus controls the time required for restoring normal 
drum pressure. 

Gas by-pass dampers for controlling steam temperature are too 
sluggish to be effective at the moment of a rapid load increase. 
The heat-exchanger type of control, or one employing direct-con- 
tact water sprays, is more suitable because its action is almost in- 
stantaneous if it receives its impulse automatically from the 
steam temperature, and especially so if the control anticipates 
a steam-temperature rise by receiving its primary impulse from 
steam flow. 


THERMAL CHANGES 


It is apparent that rapid load changes produce rapid tempera- 
ture changes in feedwater, steam, and combustion gas. Fig. 3 
shows that during an instantaneous load pickup by the Harbor 
Steam Plant unit from 70,000 to approximately 630,000 Ib 
steaming rate, the feedwater temperature rose from 270 to 380 F 
in less than 6 min, while the steam temperature dropped from 825 
F to approximately 800 F in 45 sec, then rose to 975 F in 8 min. 
The increase in firing rate, from approximately 4000 lb of oil per 
hr to over 50,000 Ib in less than 1 min, naturally produced a rapid 
rise in the temperature of combustion gas passing over the heating 
surfaces, 

Rolled tube joints and welded pressure connections must be 
insulated against direct impact of combustion gas to prevent dam- 
age from temperature shocks. Feedwater entrance connections 
must be designed to prevent water of rapidly varying temperature 
from contacting the drum steel, Fig. 6. The entire pressure sys- 


FEED DISTRIBUTION 
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tem must be suspended in a manner which permits free thermal 
expansion and contraction without placing unpredictable strains 
and stresses on pressure parts, setting enclosure, and supporting 
members. 


FuEL-BuRNING EQuIPMENT, TYPE AND CAPACITY 


The rapid changes in heat-input rates required by widely vary- 
ing steam demands call for extremely flexible fuel-burning equip- 
ment. Liquid and gaseous fuels are naturally well adapted for 
this service but burners must be of the wide-load-range type. 
There is no time for lighting additional burners or for changing 
burner tips or guns at the moment of load pickup. Neither will 
the available time permit taking burners out of service or making 
manual adjustments during a sudden drop in load. 
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In the case of the Harbor Steam Plant, where oil is the principal 
fuel, all ten burners are in service at all times. The combined 
burning rate is only approximately 4000 lb of oil per hr during 
stand-by operation, but in case of a load pickup the burning rate 
will have increased to more than 50,000 Ib of oil per hr in less than 
1 min, Fig. 3. A maximum burning rate of 60,000 lb per hr can be 
maintained. 

Where coal must be burned stokers are usually not suitable 
because their operating characteristics prevent the required 
flexibility of heat liberation for quick steam-load changes. Pul- 
verized-coal-firing is better adapted. Although response to load 
changes is rapid with correctly designed pulverized-coal equip- 
ment, the wide range of burner performance easily obtainable 
with oil and gas is usually not secured. A supplementary fuel, 
such as gas or oil, may have to assist the maintenance of stable 
ignition where the load swings to extremely low points. 

An outstanding example of this method of operation is the 
steam-generating unit of the Rankin steam-electric station of the 
Carnegie-Illinois Steel Corporation, Fig. 2. This unit, of 450,000 
lb per hr design capacity, is fired by blast-furnace gas as the main 
fuel, with pulverized coal to make up any deficiency. Sudden 
changes in steam demand at the rate of 250,000 Ib per hr take 
place, and because the supply of the blast-furnace-gas fuel cannot 
be changed as rapidly as necessary to parallel steam demands 
(whatever quantity of blast-furnace gas remains from other oper- 
ations in the steel mill must be burned under the boiler), the 
load swings must be handled by pulverized coal. 

The typical steel-mill load of this plant differs from the spin- 
ning-reserve service of the Harbor Station. While Harbor receives 
its high load demands without warning as, for example, in case of 
a break in the transmission lines coming from the Boulder Dam 
hydroelectric station, the Rankin plant is usually informed of a 
major load change a few minutes in advance. If a load pickup is 
announced, pulverizers are started and remain spinning without 
coal. As soon as the steam demand exceeds the available supply 
of blast-furnace gas, raw-coal feeders start delivering coal to the 
mills, and within a few seconds a pulverized-coal flame is estab- 
lished in the furnace. The pulverized-coal burners contain oil 
pilots permanently maintaining an oil flame sufficient for instan- 
taneous ignition of the pulverized coal and for support of the 
flame at extremely low burning rates.‘ 

The capacity of fuel-burning equipment for boiler units sub- 
jected to extreme steam-load variation must be greater than for a 
standard boiler installation, because the heat to be released in the 
furnace immediately following a sudden load increase is not only 
that necessary to produce the steam actually generated in the 
boiler, but in addition, that necessary to restore boiler pressure and 
to replace the heat taken from boiler water while the boiler oper- 
ated as a steam accumulator. This excess fuel-burning capacity 
must be determined by the time permissible, or available, starting 
with the moment of load pickup until full boiler pressure is re- 
stored. Fig. 5 shows that in the case of the Harbor Steam Plant 
unit an excess fuel-burning rate of 64 per cent would be required 
if it were necessary to restore full boiler pressure in 40 sec, whereas 
if 5 min were permissible, only approximately 10 per cent excess 
burning capacity would be necessary. This boiler is actually 
equipped with 28.5 per cent greater fuel-burning capacity than 
that required for thé continuous steaming rate of 675,000 Ib per hr 


MECHANICAL-DRAFT EQUIPMENT 


The selection of type, capacity, and driving method of fans is 
governed to a large extent by the required or desired rapidity and 
magnitude of steam-load changes for which the installation is de- 
signed. The construction of forced- and induced-draft fans must, 


4 "Modern Boilers for Steel Mill Plants,” by M. H. Kuhner. 
Power, vol. 87, 1943, pp. 650-657. 
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in any event, be such that mechanical failures caused by the high 
stresses produced by the torque required for acceleration are pre- 
vented. The drive best suited for the requirements should be se- 
lected on the basis of the following considerations: 


1 Direct-connected constant-speed alternating-current mo- 
tors. Gas and air flow controlled by dampers or fan-inlet vanes. 
Quickest response to load change. High power consumption. 
High rate of wear and tear of fans and dampers. Operating units 


for dampers must be extra powerful. ‘ 
2 Direct-connected variable-speed wound-rotor induction 
motors. Speed range only 50 per cent of maximum. Dampers 


required for accurate flow control. Power consumption relatively 
high, but lower than (1). Slower response to load changes. 

3 Constant-speed alternating-current motors with hydraulic 
or electromagnetic couplings. Power consumption less than (1) 
and (2). Considerable time required for response to load changes. 
Dampers required for flow control in low load range. 

(4) Direet-connected adjustable-speed direct-current motors, 
variable-voltage control (or electronic control when available for 
large motors). Economical power consumption. Quick response 
to load changes. Speed range corresponding to entire steam-load 
range. No dampers necessary for flow control. Motor generator 
set required. High investment cost. (Used with Harbor Steam 
Plant boiler). 


The determination of capacity of mechanical-draft equipment 
must, of course, be governed by the capacity of the fuel-burning 
equipment. (Refer to section ‘Fuel-Burning Equipment, Type 
and Capacity.’’) 


BoiLer 


It cannot be expected that ten to twelvefold acceleration of 
burning rates, often taking place in less than 20 sec, will in every 
case occur without some disturbance of furnace conditions. In 
spite of the most carefully adjusted combustion control there is 
always the possibility that the increased fuel flow reaches the 
burners a fraction of a second in advance of the corresponding air 
supply. This may result in a furnace puff or, under severe condi- 
tions, in a light furnace explosion. One of the fans may speed up 
faster than the other, creating momentary high positive or nega- 
tive pressures in furnace and gas passages. 

It is evident that greater than ordinary care must be taken in 
the design and construction of the setting enclosure and gas and 
air passages. The setting must be strong enough to withstand 
minor gas and fuel explosions. It must remain tight under this 
severe service but it must‘also be sufficiently flexible to absorb 
internal shocks and damp them so that they are not transmitted 
to the supporting structure of the boiler and building. This calls 
for an entire steel shell enclosing the complete unit, reinforced 
and supported by a system of steel buckstays and girders which is 
independent of the main supporting structure. Permanent tight- 
ness of the joints of casing panels must be insured by flanges with 
closely spaced bolts, or by complete welding.® 

The steel casing of the Harbor boiler is constructed to resist 
internal pressures up to 100 psf (approximately 19 in. water gage) 
without noticeable deflection. Air and gas passages are arranged 
for the most direct flow between furnace and fans. 


ConTROL EQUIPMENT 


A reliable system for automatically controlling firing rate, air 
and gas flow, steam temperature, and feedwater flow must be in 
use with boilers operating under extreme load variations. It is 
impossible to attempt manual control of fuel, air, draft, steam, 


§ “Steel Encased Settings for Modern Steam Generating Units,” 
by Max H. Kuhner, A.S.M.E., unpublished paper No. 716, 1940. 
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and water because all adjustments are required simultaneously and 
in step with the variation in steam demand. 

It is not within the scope of this paper to recommend the type of 
control equipment to be used, but in selecting the equipment it 
must be kept in mind that the time lag of the control mechanism 
has a very important effect on the performance of the boiler 
equipment. The time consumed from the moment the control 
receives its first impulse of a load change, until the control has 
repositioned the equipment governing flow of fuel, air, gas, steam, 
and water, must be as short as mechanical limitations permit. 
If the response is fast the period during which the boiler must per- 
form as a steam accumulator is short and the reduction in drum 
pressure is small. In this connection it is desirable to study the 
design of the equipment to be controlled because speedier re- 
sponse may be obtained by having the apparatus to be controlled 
designed for the least inertia. For example, multiple-leaf and 
louver dampers in air and gas passages have less inertia than large 
single-leaf dampers. 

The combustion control receives its primary impulse either 
from steam pressure or steam flow. Because the time element of 
response to sudden steam-flow changes should be measured in 
fractions of a second, an arrangement whereby the primary im- 
pulse is received from power demand at the output side of the 
generator rather than from steam demand at the turbine throttle, 
might be worthy of consideration. Obviously the control mecha- 
nism must be self-compensating to avoid vicious hunting cycles. 

It is demonstrated that the water level of a boiler rises sharply 
during a sudden load increase and drops as fast if the steam-out- 
put rate is suddenly reduced. The accumulator performance of 
a boiler and utilization of heat stored in the boiler water, are dis- 
cussed in the section ‘‘Heat Storage.’’ Keeping these facts in 
mind, it is readily apparent that it would be quite undesirable to 
have large quantities of relatively cold feedwater enter the boiler 
at the moment of a load surge. Cold feedwater would not only 
reduce the heat available in the boiler water for flashing steam, 
but would tend to raise the water level still further. On the other 
hand, the entrance of large quantities of colder feedwater is 
desirable when it immediately follows a sudden drop in steam de- 
mand. The water level is then below normal. Excessive heat in 
the boiler raises the pressure. Safety valves may start to pop. If 
there is heavy feedwater flow during this critical time the water 
level will be promptly restored to normal, and part of the excess 
heat in the boiler water will be dissipated in the fresh feedwater. 
It is indicated therefore that feedwater flow should be controlled 
solely by the working water level if the boiler is subjected to rapid 
load changes. With feedwater flow so controlled, the entrance of 
fresh water into the boiler is almost entirely interrupted during a 
sudden load rise and, conversely, large quantities of fresh feed- 
water will enter the boiler immediately after a sudden load drop. 
This action effectively stabilizes the water level and reduces the 
required distance between highest and lowest working levels. 


CONCLUSION 


A thorough analysis of the change taking place in a boiler dur- 
ing sudden and extreme steam-load variations must precede the 
design of the equipment. Expected magnitude of load swings and 
time permitted for restoring normal conditions in the boiler must 
be considered in determining the required volume below normal 
working level and the necessary capacity of fuel-burning equip- 
ment and fans. More time is available for response of control 
equipment when heat storage in boiler water is liberal, but large- 
diameter costly water drums and headers are required. A study 
will show whether large accumulator capacity of the boiler can 
be justified, or if the use of a more conventional boiler equipped 
with unusually large firing and fan equipment, and controls of ex- 
treme speed of response, is more economical. 


i 
4 
— 
} 
pit: 


902 


In conclusion it can be mentioned that a large number of the 
design points discussed as being important for boilers handling 
extreme load changes are equally desirable for boilers operating 
under more conventional central-station and industrial loads. 
Other points become of greater or lesser importance, proportion- 
ate to the range and rapidity of load changes. The problem thus 
narrows down to an intimate study of the plant load cycle, a 
clear understanding of what happens in a boiler during the ex- 
pected changes in steam demand, and the solution of each prob- 
lem thus developed by common-sense design. 


Discussion 


A. G. Ertcson.§ In this paper the author has capably ana- 
lyzed and co-ordinated the major design factors to be considered 
in building a boiler for operation under extreme load variations. 
The importance of a large heat-storage capacity, made available 
by substantially increasing the size of the main boiler drum and by 
increasing the weight of water carried below the working level, 
is readily appreciated. This feature perhaps marks the essential 
difference from boilers of standard design and is a fundamental 
requirement for stable operating conditions. The quantity of 
heat available for flashing of steam within the allowable pressure 
drop sets the maximum permissible time lag between start of 
higher steam output and corresponding increased furnace heat 
release following rapid load rises. As discussed in the paper, the 
larger quantity of water circulating also assures that unidirec- 
tional flow will be maintained during rapid load pickups, and the 
larger drum size-allows the necessary leeway to offset variations 
in water level accompanying load swings, preventing water carry- 
over during load rises and entrance of steam to the downflow 
columns during load reductions. 

Installation of rapid and reliable control equipment is particu- 
larly important as the time required for adjusting the burners, 
damper settings, feedwater flow, and fan speeds results in a heat 
deficiency that must be supplied by flashing, and extended lags 
result in proportionately greater steam-boiler temperature and 
pressure losses. 

The author refers to the 450,000-lb per hr boiler in the No. 3 
powerhouse at Carrie Furnaces, Rankin, Pa., as an example of a 
quick-pickup boiler in the industrial field. Although the boiler 
was designed for this service, the extreme load variations origi- 
nally contemplated have not developed in actual operation. This 
powerhouse is the most efficient in the “Monongahela Valley 
Power System” of the Carnegie-Illinois Steel Corporation and 
functions as the major generating unit with an average load rat- 
ing of 85 per cent of rated capacity. Flexibility of operation is 
essential, for although the operators are informed in advance of 
general power requirements, there are inevitably some load swings 
that cannot be foreseen. 

Operation of this boiler, described by the author, through load 
swings of 100,000 lb per hr has been quite satisfactory. De- 
pending upon boiler-operating conditions at the time, the steam 
pressure will vary up to 50 psi and the steam temperature rarely 
varies more than 15 deg F. The steam quality remains good and 
excessive variation in the water-level, geysering, or turbulence 
of the water body does not occur. Following a decrease in steam 
load, the temperature of the superheated steam is effectively 
regulated by a heat-exchanger type of control. This type of 
control has a slight disadvantage in imposing additional resist- 
ance to the flow of steam through the superheater, therefore 
causing a greater differential between boiler drums and line pres- 
sure. However, it is rapid and accurate and the high-tempera- 


* Chief Engineer, Homestead Stee! Works, Carnegie-Illinois Steel 
Corporation, Munhall, Pa. 
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ture element of the superheater is protected against overheating. 

In this respect, it may be added that superheat is one of the 
most important items requiring control in the modern power 
plant. Excessive steam temperature is likely to cause damage 
through creep stresses or loss in tensile strength in both the piping 
and turbine parts. In addition, fluctuation in steam tempera- 
ture causes opening up of the joints in the high-pressure unit 
and steam chest of the turbine, resulting ultimately in leaks. 

The benefits to be realized from careful and efficient applica- 
tion of the design features discussed in this paper are dependent 
principally upon the degree of accuracy with which future load 
cycles are analyzed and power requirements foreseen. 


Dan GUTLEBEN.” It is refreshing for an operator of a small 
sugar-refinery steam plant to learn that a condition can arise 
which requires a public-service plant to give thought to sudden 
large load fluctuations. Fortunately, the problem submits to 
logic and arithmetic in the hands of an experienced engineer. 
The sudden swings were once considered an unavoidable evil 
visited only upon the sugar-house engineer whose plant was be- 
set with sugar boilers endowed with untold stupidity. The 
public-service plants, which set the pattern for steam-plant de- 
sign, accéOmplished an amazing job and made empirical design 
facts available to industrial plants long before the bondholders 
were repaid for the cost of their full-size research. In 1931 
when the Pennsylvania Sugar Company in Philadelphia installed 
two boilers of 250,000-lb per hr capacity and 400 psi pressure, 
there was a limit to the size of forged drums, besides their cost ; 
and welding had not become available. Accordingly, the boiler 
designer’s talents for meeting the specification of large and sudden 
swings did not include accumulator operation. That existed 
only in the good old Scotch marine boiler of revered memory. 
The design staff (to which the author was attached) answered our 
clamor for a steam flywheel by providing a six-drum design, two 
of the drums being on the economizer. The steam-separating 
drum was forged 51 in. in diam to suit an available mandrel. 

Under a premeditated test, with one boiler on base load at 400 
psi pressure, the second one was increased in output by 105,000 
lb per hr in 2 min with no pressure drop discernible on the gage, 
and with a rise of 6 in. in the water level. With the thoughtless- 
ness of the sugar-boiler operators this was improved. Early on 
a Sunday morning, as the demand tapered off, one boiler was shut 
down and then the boys phoned that the week-end job was com- 
plete. Suddenly a large quantity of thin sweet water was found 
that required to be concentrated and the hour for adjournment was 
at hand. Without notice, the flowmeter skyrocketed. The 
steaming rate jumped from 75,000 Ib per hr to 225,000 lb. in two 
minutes, accompanied by a 15-inch spear in the water-level chart. 
In a public-service plant such a jump in water level would wreck 
some turbine blades, but in a sugar refinery allowance is made 
for stupidity, which is a “gift from heaven.”’ Our plant is equipped 
with a steam accumulator which can provide an instantaneous 
supply of 40,000 Ib of steam for the pans, but this “dinosaur egg” 
happened to be empty. 


H. J. Kuorz.s The subject of this paper is most timely, as in- 
dicated by the recent increase in the number of proposed power- 
station installations required to operate under wide load varia- 
tions. The author is to be commended for his logical analysis 
of the problem and his clear-cut treatment of the various factors 
which have important influence on the successful operation of 
equipment under the severe conditions described. In fact, the 
success achieved in developments such as he has described has en- 

7 Parkmerced, San Francisco, Calif. 


8’ Chief Power Engineer, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Mem. A.S.M.E. 
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KUHNER-— BOILER DESIGN FOR EXTREME LOAD VARIATIONS 


couraged operators, never noted for their backwardness in asking 
for the impossible, to demand even greater load changes in smaller 
time intervals. Whereas the Harbor Steam Plant is required 
to handle a load increase at the rate of about 10 to 1 in a matter 
of seconds, operating conditions on some utility systems make it 
desirable to increase the ratio to 20 to 1. The resourcefulness of 
boiler and other equipment manufacturers, as typified by the 
work behind this excellent paper, leads the operators to expect 
that the increased severity of their requirements will be met. 

Of the various factors involved, it would seem that all of the 
features described by the author, with the exception of the fuel- 
burning facilities, could be expected to be adapted without too 
great difficulty for the higher ratio of load increase. As pointed 
out in the paper, only gas and fuel oil are suitable for the mini- 
mum rates of firing required by installations of the type under 
consideration, and where pulverized coal is the basic fuel, supple- 
mental use of the former fuels would be a necessity. A range in 
firing rates of 20 to 1 is a severe requirement which imposes seri- 
ous problems in the achievement of a satisfactory design for 
burning even such flexible fuels as gas and fuel oil. Also, in this 
connection, a furnace arrangement suitable for stable combus- 
tion at the minimum firing rates is of great importance, especially 
in cases where pulverized coal is to be the basic fuel. Mainte- 
nance of stable combustion of course is the factor which prevents 
pulverized-coal firing from having the required maximum load 
range without use of supplemental fuel. 


C..C. McKeg.? The author has selected a subject that well 
deserves considerable attention; especially for those utilities 
which depend upon hydropower for the major portion or all of 
their electric supply. Usually in these systems, after installa- 
tions are complete, the cost of hydropower generation, particu- 
larly secondary or dump power, is lower in the hydroplant. For 
this reason the power produced from steam plants is held at a 
minimum to reduce fuel cost. Under such circumstances steam 
plants are required to operate at minimum loads or about enough 
power to supply all auxiliary drives. 

Then when a major disturbance occurs, such as loss of a trans- 
mission line, it is necessary for the steam plant to assume full 
load, without any previous warning, and with automatic con- 
trols to bring the steam generator into action, not only to meet 
all turbine requirements, but also to replace energy lost from the 
unit by the accumulator action while the automatic controls 
were bringing combustion and combustion equipment from low 
load to maximum capacity. 

There are points of interest shown in Fig. 3 which are not in- 
dicated in the text of the paper. A study of the pressure-drop 
curves shows there was a slight indication for a return to normal 
between 30 and 40 sec. This indication was shown to much bet- 
ter advantage when these curves were plotted to a larger scale. 
The further drop following this point was caused by the feed- 
heating system going into action at that time. This early in- 
crease of feedwater flow has been corrected and a recent test for 
quick pickup indicates that increased flow of feedwater was de- 
layed for about i!/, min after application of load. There was 
little, if any, secondary pressure drop; however, the load picked 
up was less than that shown in Fig. 3 by about 5000 kw. 

There is no rebuttal to the question that the boiler for such 
service must be designed to meet the severe demands; but auto- 
matic controls must also come in for their share of praise in their 
ability to be adjusted, timed, and synchronized to bring all steam- 
generating equipment to overload capacity in less than 25 sec, 

Another interesting item which was checked in particular in 
our recent quick-pickup test is that the temperature of the feed- 


® Mechanical Engineer, Department of Water and Power, City of 
Los Angeles, Calif. 
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water entering the economizer was higher than that leaving, by 
some 10 deg. In the test data obtained for the curves in Fig. 3 
the temperature readings for economizer feedwater in and out 
were read and indicated this condition, but they were considered 
unreliable. There was a reluctance to show this condition before 
checking it thoroughly. During the recent test this particular 
item was checked carefully, with the result that there is no hesi- 
tancy in saying that for a period of 2 to 2'/. min, the tempera- 
ture of the incoming feedwater is actually higher than the out- 
going feedwater from the economizer. Our estimate of the reason 
for this condition is that it takes about that long to move the cold 
water through the economizer. 


W. C. Rowse.” The writer, who is in charge of the Steam 
Design Section of the Los Angeles Department of Water and 
Power, set forth the fundamental requirements for a steam plant 
which must operate in parallel with hydroelectric plants in an 
article which appeared" before the first unit of the Harbor Steam 
Plant went into operation. In that article it was stated that the 
plant should have the ability to operate over a wide range of load 
factors with reasonably good economy and in addition, the 
ability to pick up full load instantly when floating on the line at a 
light load, which latter requirement affected the design of the 
boiler. 

In his paper the author clearly sets forth the boiler-design 
problems and how they were solved, together with the results of 
the first quick-pickup test with special fast-recording instruments 
made on October 12, 1944. The writer’s discussion of the paper 
will consist of a brief statement of actual experience in operation. 

Following the usual ups and downs incidental to placing a new 
unit in operation, particularly the first unit of a new plant, by 
March 1, 1944, the plant settled down to regular operation, ex- 
cept for the 4000-kw house turbine-generator unit which was 
appropriated by the Federal Government and shipped to Russia. 
Since that date the plant has been subjected to all kinds of loads 
from a minimum output of 64,000 lb of steam per hr continuously 
to a maximum output of 723,000 lb of steam per hr for 1 hr, all 
under full-automatic control with all burners on and including 
quite a few cases of quick pickup of load in emergencies. The 
most publicized of these was the occasion on March 18, 1946, 
when two airplanes collided, cutting conductors on two circuits 
from Boulder Dam, thus cutting off 300,000 kw of generating 
capacity furnishing energy for the total load of 533,000 kw being 
carried at that time. Although the frequency at the Harbor 
Steam Plant dropped momentarily to 40 cycles and continued for 
10 min at 50 cycles, which shut down the fans three times, the 
plant picked up 55,000 kw immediately and 75,000 kw within a 
few minutes and carried this 75,000 kw for 1 hr. The value of 
the accumulator effect of the boiler was abundantly demon- 
strated by the ability of the boiler to supply steam even during the 
fan outages. These fan outages were due partiy to the low fre- 
quency of energy for auxiliaries which will not occur again be- 
cause the turbine-driven house generator is now installed, and 
partly to the setting of the protective thermorelays on the fan 
drives, which latter has been corrected. Since March 1, 1944, 
the only unscheduled outages of the steam-generating unit were 
for three leaks in economizer welds which were repaired over week 
ends. 

An exhaustive test was made of this boiler during the first part 
of 1944, under the supervision of Mr. Sheppard T. Powell, pri- 
marily to check circulation and to recommend boiler-feedwater 


10 Engineer of Steam Design, Department of Water and Power, 
City of Los Angeles, Calif. Mem. A.S.M.E. 
11 “Some Features of the Harbor Steam Plant of the Los Angeles 
Bureau of Power and Light,” by W. C. Rowse, Mechanical Engineer- 
ing, Vol. 64, 1942, pp. 773-776. 
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treatment and control procedures. At first a total of over 100 
readings and analyses were made on each shift. As knowledge 
of the circulatory and other characteristics of the boiler increased, 
some of these readings and analyses were discontinued until, 
after about 6 months, a normal feedwater-control procedure was 
evolved. One important result of these tests was to demonstrate 
clearly that the boiler had been properly designed especially as 
to positive circulation and delivery to the superheater of steam 
of the required purity. 

On April 24, 1946, the installation of the 4000-kw house tur- 
bine was completed, and on May 8, 1946, a quick-pickup test was 
made, with adjustments to the automatic controls which resulted 
in holding back boiler feedwater longer, and in faster opening of 
the fuel-oil valve. The method of increasing the load instantly 
is interesting. One unit at Boulder Dam was loaded with the 
exact load which the Harbor Steam Plant was to pick up. The 
4000-kw turbine-generator unit at the Harbor Steam Plant 
was carrying the auxiliaries, the main turbine-generator unit was 
carrying 10,000 kw on the low governor block, the high governor 
block was set for the load to be picked up and the governor was 
set for a slightly higher speed than 3600 rpm. When the circuit- 
breakers at the Boulder unit were opened, the momentary drop 
in system frequency tripped the low block on the Harbor unit 
which picked up the load instantly with only a momentary change 
in system frequency. Although the load picked up (48,000 kw) 
was not as large as the engineers desired, the results showed a 
great improvement in every way over the previous test of Octo- 
ber 12, 1944. The time required for return to normal conditions 
was shorter, and the maximum steam temperature lower (only 
925 F at turbine throttle) than the previous test. It should 
be noted that both tests were made under full automatic con- 
trol. 

The over-all efficiency of the plant has been better than the 
expected efficiency. A Willan’s line, in which barrels of oil per 
month are plotted against kilowatt-hours net output per month, 
results in a formula of 5250 bbl of oil (6,250,000 Btu per bbl) per 
month for zero net output plus incremental oil at the rate of 595 
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kwhr net output per barrel of oil. This results in an over-all 
efficiency of 11,250 Btu per kwhr net output at rated capacity 
(62,000 kw net output), as compared with an expected value of 
11,400 Btu. 


AuTHOR’s CLOSURE 


It is very gratifying to have the correctness of the conclusions 
reached with this paper verified by the actual performance ex- 
periences with quick load pickup boilers reported by Mr. Rowse, 
Mr. McKee, and Mr. Ericson. These discussers’ comments are of 
specific interest because they point the way to further improve- 
ments in steam plants required to operate under unusual load 
conditions. 

Progress in any field is gradual and if the steps forward are not 
too large the result of the future step can be predicted with 
reasonable accuracy by the experience with the present. A boiler 
load increase of 1 to 10 taking place in a few seconds and without 
trouble was considered quite hazardous only a relatively short 
time ago. Mr. Klotz mentions the future requirement for load 
pickups in the ratio of 1 to 20. A safe boiler design for this con- 
dition is today entirely feasible if the Harbor Steam Plant experi- 
ences are made the basis for this next step. 

Mr. Gutleben’s reference to the human element in steam plants 
points to the importance of the correctly designed complete auto- 
matic-control system mentioned by Mr. McKee, but the steam- 
plant operator is well advised not to take the designation ‘‘auto- 
matic” too literally. Automatic control cannot replace human 
thought. It is especially important in plants subjected to ex- 
treme load variations that the men in charge know intimately the 
sequence of the various operations normally performed by the 
controls. The operators must be trained to take over and operate 
manually in case of failure of the automatic controls. Several of 
the pickup tests referred to by Mr. Rowse were performed to ac- 
quaint the Harbor Plant operators with all that can happen during 
a bona fide pickup and to instill confidence in the equipment. 

The valuable supplementary data and information supplied by 
the discussers are gratefully acknowledged. 
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Acid-Cleaning of Boilers and 
Auxiliary Equipment 


By S. T. POWELL,' BALTIMORE, MD. 


Acid-cleaning of equipment has been demonstrated over 
a long period as a useful and economical means for remov- 
ing encrustations from boilers and many other types of 
power-plant equipment. This paper explains the use of 
various cleaning reagents and inhibitors, the procedure 
which should be followed, and the precautions to be taken 
to safeguard both personnel and equipment from the 
hazards inherent in the process. 


HE use of acid to remove deposits from metallic surfaces 

has been practiced for many years and in widely divergent 

industries. Such processes have been and still are ex- 
tensively employed for the removal of mill scale from sheets, 
plates, tubes, and other products in mills making steel and copper 
alloys, and enormous quantities of acid are used for such services. 
The economy and speed gained in removing deposits in this 
manner have directed attention to many applications, and the 
treatment has been extended to the cleaning of oil wells, water 
mains, heat-exchange equipment, boilers, and other equipment. 
The extensive acidizing of oil wells to improve yields, by removing 
deposits and opening the formations, did much to attract interest 
and suggest other applications. 

One of the most interesting acidizing projects,? which was 
performed more than 25 years ago, was the cleaning of the entire 
piping system in The Bankers Trust Building in New York City, 
a 35-story office building. After 12 years of service the pipe 
lines throughout the structure were seriously clogged with corro- 
sion products. It was estimated that repiping would cost from 
$100,000 to $300,000 and could be done only at serious incon- 
venience to the tenants. Sections of the piping system were 
cleaned by means of inhibited muriatic acid in about 8 hours, after 
the offices were closed on Saturdays. It is surprising that this 
novel method of cleaning pipe lines did not receive more wide- 
spread interest at that time since the basic principle of the pro- 
cedure has much merit. It is obvious that removal of deposits is 
merely a temporary expedient and must be followed by other 
forms of corrective treatment to avoid their recurrence. 

The removal of scale from boiler surfaces was a logical develop- 
ment after the practical application of acidizing for other uses 
was demonstrated. The most rapid expansion of this method of 
boiler cleaning, however, has occurred within the past 4 or 5 
years because of the need for reducing boiler outages to a mini- 
mum, and because of the shortage of labor during the war period. 
The effectiveness of acid cleaning is demonstrated in Fig. 1 
which shows the heavily encrusted tubes of a chemical evapora- 
tor. Fig. 2% shows the same evaporator after being cleaned. 


! Consulting Chemical Engineer. Mem. A.S.M.E. 

?“*Removal of Rust From Pipe Systems by an Acid Solvent,” 
by F. N. Speller, E. L. Chappell, and R. P. Russell, Trans. A.I.Ch.E., 
vol. 19, 1927, pp. 165-171. 

* Reproduced by permission of The Dow Chemical Company, 
Midland, Mich. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 17-20, 1946, of Tue AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Thousands of boilers and miscellaneous equipment units have 
been cleaned by acid during the last few years and a majority of 
these treatments have been successful. It is a recognized fact, 
however, that even though inhibitors may be used, these com- 
pounds do not completely prevent corrosion, but merely reduce 
the rate and extent of the attack. Under ordinary conditions the 
corrosion of the surfaces is relatively minor if an effective in- 
hibitor is used, if the temperature is satisfactorily controlled, the 
contact time limited, and subsequent washing out and neutraliza- 
tion of remaining acid properly performed. 

Considering the large number of boilers which have been acid- 
cleaned, there have been only a relatively few cases where notice- 
able corrosion has taken place; however, there is no accurate rec- 
ord of the extent to which all acid-treated equipment has been 
corroded. From our personal experience we are inclined to be- 
lieve that where the temperatures have been properly maintained 
and if the acid was thoroughly removed from the surfaces after 
cleaning, the extent of attack has been minor, and repeated 
acidizing may be undertaken without seriously damaging equip- 
ment. The primary object of this paper is to direct attention to 
the potential possibility of serious damage if the work is per- 
formed carelessly and without proper regard to precautionary 
measures required to insure satisfactory results. 

Although acidizing of boilers is most widely practiced in power 
plants, still there are many other applications in this field. 
These may be broadly classified as follows: 

1 Boilers, economizers, superheaters. 

2 Deaerators, vent condensers, and stage heaters. 

3 Surface condensers and heat exchangers. 

4 Feedwater-treating equipment. 

5 Valves and miscellaneous equipment. 

Each of these applications requires special study and the treat- 
ment must be selected and applied to meet the conditions encoun- 
tered. 


MECHANISM OF EFFECT OF INHIBITORS ON AcID CORROSION 


There are two general concepts regarding the mechanism by 
which inhibitors protect steel or other metals when in contact 
with acid solutions. One group of investigators‘ suggests the 
following mechanism: Iron goes into solution at the anodic 
regions, forming ions, while hydrogen is discharged in equivalent 
amount at the cathodic areas. The cathodic areas occur princi- 
pally in the narrow spaces of grain boundaries in steel or between 
the slag and metal in wrought iron. Most inhibitors are bases or 
positively charged colloids which, when present, travel to the 
cathodic areas and are deposited and adsorbed on the surface. 
The electrochemical process is stopped when the reaction at 
either pole is stifled, and the inhibitor thus retards corrosion. It 
has also been stated that the presence of the inhibitor raises the 
hydrogen overvoltage above any potential which can exist in 
the acid-metal system. 

A second explanation is that the inhibiting compounds serve 
to blanket the entire metal surface by a protective layer of the 


*“The Electrochemical Action of Inhibitors in the Acid Solution 
of Steel and Iron,’”’ by E. L. Chappell, R. E. Roetheli, and B. Y. 
McCarthy, Industrial and Engineering Chemistry, vol. 20, 1928, pp. 
582-587. 
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Fig. 1 


ScaLe oN Evaporator TuBES, Berore Acip-CLEANING 


organic compound used. This occurs as simple adsorption of 
the inhibitor ions on the metal surface, through the nitrogen atom 
which is a component in most organic inhibitors. The stereo- 
chemical structure of the inhibitor determines its effectiveness be- 
cause the structure controls the degree of concentration that will 
occur. 

Others have gone further and contend that inhibiting sub- 
stances form a nonpermeable blanket through which the hydrogen 
cannot diffuse and which is limited to the metal surface, as con- 
trasted to the oxide surface. 

One investigator has submitted data to show that the action of 
inhibitors cannot be explained by the electrochemical or over- 
voltage theory nor by the formation of an impervious pore-free 
film on the oxide-free metal surface. Test results have been sub- 
mitted to indicate that inhibitors are adsorbed simultaneously on 
both metal and oxide surfaces; however, the concentration is 
heavier on the clean metal surface. The film which forms in- 
creases the electrical resistance from liquid to metal, but the film 
is porous, being built up of molecule aggregates or micelles spaced 
closely together, similar to a pincushion filled with pins. The 
theory developed from these studies is that the long-chain 
molecules thus form long narrow channels similar to capillaries or 
gel structures. This condition is reflected in reduced diffusion 
velocity and migration velocity of the hydrogen and sulphate ions 
which are active in the corrosion of iron in sulphuric acid. The 
net result is a reduction in the corrosion of the metal, and inas- 
much as a more concentrated film is present at the clean metal 
surface, the oxide is attacked relatively faster than the metal. 
This results practically in removal of the oxide and preservation 
of the metal surface. 

It has been contended that the corrosion of some boilers during 
cleaning with inhibited hydrochloric acid is due largely to the 
formation of ferric chloride which, in itself, is a highly aggressive 
salt and against which the common inhibitors are not effective 
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Fie. 2. Conprtion or EvAPoraTor TUBES, SHOWN IN Fic. 1, AFTER 
ACIDIZING 


According to this theory the inhibitors will retard the electro- 
chemical reaction involving the displacement of the hydrogen of 
HCl by iron, but they will not prevent the oxidation-reduction re- 
actions by which ferric chloride oxidizes metallic iron and copper 
to the ionic form. If metallic copper is in the sludge, ferric chlo- 
ride attacks it as it does iron, producing cupric chloride which is 
also an oxidizing agent and a sceond source of trouble. It is held 
that the plating out of copper, or its solution to form a chloride, 
depends upon concentrations of the various ions present. 

To limit the concentration of ferric chloride it has been sug- 
gested that the solution be constantly circulated and thereby 
avoid raising the ferric chloride to a level where active attack is 
possible. There is no assurance that circulation will bring about 
this desirable condition. If ferric chloride pockets or otherwise 
concentrates at surfaces and remains in a quiescent or semiquies- 
cent state, it may react more slowly if only diffusion is available 
to carry away and remove the products of the reactions. 

To support the foregoing theory, corrosion has been produced 
experimentally with dilute solutions of ferric chloride containing 
no hydrochloric acid except that resulting from hydrolysis. 

It should be pointed out that if inhibitors retard corrosion by 
covering the entire surface and preventing contact with the acid, 
they should be equally effective against solutions of ferric or cu- 
pric chloride. If the impervious-film theory of inhibitor mechan- 
ism is correct, any specific vulnerability of the film to certain 
solutions would seem doubtful, but if the film leaves certain areas 
exposed, they could be attacked by oxidizing agents in the ab- 
sence of an opposite electrode reaction. It is a known fact that 
inhibitors do not give complete protection, and the actual over-all 
attack which occurs may no doubt be aggravated by oxidizing 
agents. Whatever the role of ferric chloride and copper may be, 
it remains true that with proper care equipment can be acidized 
repeatedly without hazard. 
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POWELL—ACID-CLEANING OF BOILERS AND AUXILIARY EQUIPMENT 


PractricaL Errecr or Actp-CLEANING ON BorLer STEEL 


Studies of metal which has been repeatedly acid-cleaned show 
that some corrosion occurs each time, but the rate of attack is 
not sufficiently rapid, generally, even after many cleaning cycles, 
to cause serious concern. In some instances acidizing has been 
blamed for active attack on the metal when this treatment has 
not actually been responsible but has merely revealed the pres- 
ence of corrosion which occurred previously and passed unnoticed 
because the pits and surface etching were filled and coated over 
with iron oxide or encrustations which the acid removed. 

The effect of acidizing may be best evaluated by meticulously 
cleaning the surfaces before the acidizing, either by wire-brushing 
or local application of weak acid, and inspecting the metal for 
pitting, under low magnification and with tangential illumination. 
The same surface should be similarly cleaned and inspected after 
the entire unit has been acidized. The pitting shows up on 
stressed metal, hence for these inspections it is best to select the 
rolled ends of boiler tubes, the heads or nuts of highly strained 
bolts, the bends of angle irons, welded zones, etc. In most cases 
such scrupulous before-and-after inspections have not been made 
owing to the need for returning the equipment to service as 
quickly as possible after the cleaning has been completed, or be- 
cause the operators were unaware of what to look for. 

It is a well-known fact that the rate of attack on metals by 
acid or any other electrolyte is greatly affected by the internal 
stresses in the material. Examination of boilers which showed 
corrosion after acid-cleaning demonstrated that the most severe 
attack was on metal which had been greatly stressed. This con- 
dition was particularly pronounced on the flared end of tubes 
where stresses of large magnitude occurred as the result of cold- 
rolling. This is illustrated in Fig. 3 which shows the ‘“honey- 
comb” type of attack that is characteristic in units where corro- 


Fia. 3 Corrosion From Actp ATTACK ON STRESSED 
Meta at FLarep Enp or Coip-RoLLep TuBE 
(A, This shows honeycomb type of attack.) 
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sion developed during acid-cleanifig. A photomicrograph of a 
section of tube which has been attacked by acid is shown in Fig. 4. 
The honeycomb or lace form of deep pitting is more clearly de- 
monstrated by the photomicrograph. Inspection of numerous 
boilers has further demonstrated that cold working of the metals 
used in the fabrication of internal appliances within the drum are 
also readily attacked by inhibited acid, even when the unstressed 
metal has shown no corrosion. 


Fic. 4 PHOTOMICROGRAPH OF SECTION OF BoILER TUBE TAKEN 
From ENnp, SHow1nc Honeycoms Arrack Durine Acip- 
CLEANING 


This type of attack has been observed by the author in a num- 
ber of installations. Some of the boilers referred to had been 
acid-cleaned and the temperature of the acid solution was rela- 
tively high. In one case the attack was probably due to the 
effect of an acid contaminant in the feedwater and not to acid- 
cleaning. The pattern of the corrosion, however, was identical 
to the type and pattern of attack which was noted in acid- 
cleaned boilers. This occurrence tends to demonstrate that all 
corrosion of tube ends may not be the result of acid-cleaning, but 
may have resulted from some contaminant present in the feed- 
water. This observation suggests the need for an intensive in- 
vestigation to determine all conditions which may be responsible 
for corrosive attack, and the avoidance of unwarranted criticism 
of acid-cleaning, which in the final analysis may not be responsi- 
ble. 

Some concern has been expressed as to the possible intercrystal- 
line attack on steel due to the penetration of hydrogen into the 
steel during or subsequent to acid-cleaning. Although relatively 
large amounts of hydrogen may be generated during the cleaning 
period, investigations have shown no attack on the intercrystal- 
line structure or any evidence of embrittlement attendant with 
such form of corrosion. Such investigations have not been ex- 
tensive, still it seems reasonably safe to predict that embrittle- 
ment will not occur if temperature and strength of acid used is 
within the safe limits, and if the acidized units are thoroughly 
washed and acid adhering to the surfaces is completely neutral- 
ized. 


Factors INFLUENCING EFFECTIVENESS AND SAFETY OF ACIDIZING 
EQUIPMENT 


There are numerous conditions which require control during 
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acidizing of any equipment in order to insure effective removal of 
encrustations from the surfaces and a minimum of corrosive at- 
tack on the metal. It is not possible to list specifically all of the 
many conditions which may be encountered, since there are a 
multitude of variables which may alter the effectiveness of the 
acidizing process. In general, however, the items which should 
be considered, and controlled if possible, are as follows: 


1 Composition and concentration of acid. 

2 Nature and composition of inhibitor. 

3 Additional chemicals employed for their wetting, catalytic, 
or special solvent properties. 

4 Temperature of the metal and of the solutions. 

5 Circulation, mechanically induced or by diffusion. 

6 Composition of the metal. 

7 Physical and chemical composition of the scale to be re- 
moved. 

8 Procedure followed, from taking equipment out of service 
through removal of acid and washing down and neutralization of 
acid remaining on the surfaces after treatment. 


Time does not permit complete discussion of all the foregoing 
items, nor would it be appropriate to elaborate on all of them 
here, since many of them involve complex chemical reactions 
which are outside the scope of this paper. However, there are 
certain items in the list which may be profitably discussed as 
they are of interest to mechanical engineers and others responsible 
for acidizing of power-plant equipment. 

Type and Concentration of Acidizing Solution. It is a common 
misconception that the cleaning of equipment requires merely the 
addition of a mineral acid, to which has been added a chemical in- 
hibitor for the purpose of slowing down the rate of attack on 
metal surfaces. In some cases such treatment may effect the 
desired results provided temperature control and other conditions 
are adequately maintained. There are, however, certain types 
of encrustations occurring in boilers, condensers, and heat ex- 
changers which completely resist solution by muriatic, sulphuric, 
or other common mineral acids. For instance, the silicate, sul- 
phate and other scales, either alone or combined with other types 
of encrustations, are not appreciably soluble in muriatic acid. 
Where such compounds are encountered, hydrofluoric acid or 
other sources of the fluoride ion must be used to insure their re- 
moval.’ Certain metallic deposits also resist solution, and 
where such are present, specific solvents must be employed. If 
oils or greases are encountered, special solvents are necessary for 
their removal, and effective acidizing results cannot be secured 
without first removing such materials.® 

Experience has demonstrated, also, that in addition to the in- 
hibiting chemicals, other compounds improve the effectiveness of 
the acidizing process. Most of these treatments involve trade 
secrets, and their use and application are the result and outgrowth 
of research and development, coupled with practical experience 
over a wide range of conditions encountered. 

The strength of acid to be used should be governed by the time 
available for cleaning the equipment and the chemical composi- 
tion of the acidizing solution. In the past the strength of the 
acid employed has been as high as 15 per cent. Recently, how- 
ever, there has been a marked trend to the use of acid of lower 
strength, even though the cleaning takes more time. Concentra- 
tions now generally used are from 4 to 7 per cent. 

Composition of Inhibitor. The technical literature on the sub- 
ject of acid-cleaning and pickling of metal contains a long list of 
organic and inorganic substances which have been used as in- 

“Chemical Removal of Scale From Heat-Exchange Equipment,” 
by F. N. Alquist, C. H. Groom, and G. F. Williams, Trans. A.S.M.E., 
vol. 65, 1943, p. 719. 

6 “Scale Removal by Chemical Means,’”’ by M. E. Brines, Power 
Plant Engineering, vol. 44, May, 1940, p. 47. 
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TABLE 1 PARTIAL LIST OF MATERIALS USED OR INVESTI- 

GATED FOR INHIBITING CORROSION OF METALS BY ACIDS 
Niter cake 
Sumac leaves 


Aniline 
Pyridine 


Formaldehyde Coal-tar extracts 

Glue Slaughterhouse wastes 

Flour Ethyl iodide 

Starch Paramethylaminopheny] sulphate 
Gelatine Carbozole 

Glucose Cyanide 

Thiourea Quinoline ethiodide 


Arsenious oxide Barium salts 


Nore: The inhibiting effect of the compounds listed, and many other 
substances, varies greatly as does their cost and availability. Some of these 
materials possess slight inhibiting value and some are dangerous to use. No 
inhibitor should be employed without specific information as to its effective- 
ness and the potential hazard involved in its use. 


hibiting agents to repress the attack on the metal, but which will 
permit the solution or removal of oxides or other deposits on the 
surface. A partial list of some of the materials which have been 
used is shown in Table 1. This list includes only a very small 
percentage of compounds which are available or have been em- 
ployed. Actually, there are thousands of organic and inorganic 
substances which are known to have inhibiting properties. The 
relative effectiveness of these products varies widely, and they 
have specific adaptabilities for different services. Most in- 
hibitors are harmless, but others are hazardous and should not be 
used. In this group are compounds of arsenic, cyanide, and some 
of the coal-tar by-products. At least one fatality has occurred 
from the use of an arsenic inhibitor. Operators should be warned 
against such materials and be informed of their potential danger. 

Practically, the selection of the inhibitor should be left to ex- 
perts in this field, who should be advised in complete detail about 
the design of the equipment and the physical and chemical nature 
of the deposit to be removed. Organic inhibitors are marketed 
for cleaning operations (such as pickling) which can safely be 
handled by plant operators. For complex jobs involving major 
equipment units of the magnitude of boilers and heat exchangers, 
it is best to rely on the experienced contractor performing the 
work to select and prepare the acid solution, if the operating per- 
sonnel in charge of the plant are not informed on the’subject. 

Temperature. Possibly the most controversial factor with re- 
gard to acidizing is thetemperature at which the process is carried 
out, and there is fairly definite evidence that corrosion has 
occurred in a number of instances where temperatures have been 
high during cleaning. Many boilers have been cleaned at tem- 
peratures ranging from 170 to 180 F, and in one case the tempera- 
ture was well above the boiling point of the solution and much 
damage was done. It is a known fact that the inhibiting effect 
of all chemicals used for retarding corrosion in acid solutions is 
rapidly reduced as the temperature is elevated. As the result of 
corrosion of equipment by acidizing at too high temperatures, 
there is now a trend toward maintaining the temperature of solu- 
tion during the cleaning period between 140 and 160 F. If 
sufficient time is allowed for the cleaning, proper removal of the 
encrustations can ordinarily be effected at the lower tempera- 
tures. 

In Fig. 5 is shown the extent of corrosion which occurred on 
the face and edge of caps in waterwall headers. It is probable 
that the relatively high temperature was responsible for the 
condition. 

Circulation. Various schemes have been used requiring special 
equipment for applying the cleaning solution to the boiler. In 
some instances the operators merely inject the chemical into the 
top drum, while others prepare the solution in a tank and pump 
it into the boiler and recirculate from the tank back into the 
boiler. In the final analysis there is not now available sufficient 
evidence to prove that either circulation of acid by means of a 
pump, or circulation induced merely by diffusion current is a pref- 
erable scheme to use. Both procedures have been followed, in 
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Fic. 5 Corroston on AND Sipe or Cap SHOWING HONEYCOMB 
Type or Atrack 


large groups of boilers cleaned, without active corrosion occurring 
in either case. 

Composition of Metal. The composition and the cleanliness of 
the metal are important factors in resisting or accelerating corro- 
sion during acidizing of equipment. It has been observed re- 
peatedly that low-grade steel containing slag inclusions or other 
impurities has been readily attacked during acid-cleaning, while 
the drum and tubes were not affected. In one installation the tops 
of practically all the acori. nuts used in the fabrication of the 
internal baffles were destroyed, and a similar condition was noted 
in a number of other units. To what extent the acid was re- 
sponsible has not been fully determined, but it undoubtedly 
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accelerated the rate at which the metal was attacked. It is a 
well-known fact that the material from which such nuts are con- 
structed is low-grade metal, as might be expected, especially 
during the war years. 

Ordinarily, black iron pipe, especially if cold-worked, is readily 


Fic.6 Corropvep DurINnG AcIpIzING, ILLUSTRATING EFFECT 

or Actp ON Low-GrRaDE STEEL CONTAINING SLAG AND OTHER 
IMPURITIES 


Fic. 7 Corrosion oF MANHOLE Cover SHOWING DEEP SURFACE 
CorRosIoN BY Acip ATTACK 


(Exact cause for selective corrosion not accurately determined but probably 
presence of slag inclusions or change in metal structure due to flame-cutting. 
Note wasting and honeycomb type of attack.) 
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TABLE 2 T 
AUXILI 


TRANSACTIONS OF THE A.S.M.E. 


Group A_ Boiler and Superheater 


YPES OF DEPOSITS WHICH HAVE BEEN FOUND IN BOILERS, 
ARIES, AND MISCELLANEOUS POWER-PLANT EQUIPMENT 


NOVEMBER, 1946 


Principal Mineralogical Formula determined 
ion Common name name by x-ray analysis 
Barium Barium carbonate Witherite BaCOs 
Barium sulphate Barite BaSO. 
Calcium Calcium carbonate Calcite BCaCOs 
Calcium sulphate Anhydrite CaSO, 
Calcium sulphate Hemihydrate CaSO,.0.5H20 
Calcium hydroxide Ca(OH): 
Calcium phosphate Hydroxyapatite Caw(OH)2(PO.)6 
Calcium phosphate Whitlockite BCasP20s 
Magnesium Magnesium hydroxide Brucite Me(OH): 
Sodium Sodium sulphate Thenardite Na2SO,(V) 
Silicates Silicon oxide Quartz SiOs 
Sodium-iron-silicate Acmite Na2O.Fe203.48i02 
Sodium-alumina-silicate Analcite 
Sodium-alumina-silicate Natrolite NazAlsSisO1.2H20 
Sodium-alumina-silicate Noselite 
Sodium-calcium-silicate Pectolite Na20.4CaO.6S8i02. 
e Calcium silicate Wollastonite BCaSiOs 
Calcium silicate Xonotlite 
Calcium-alumina-silicate Cancrinite 
Magnesium silicate Serpentine 3Mg0O. 28i09.2H:0 
Iron Iron oxide Ferrous oxide FeO 
Iron oxide Hematite Fe2O; 
Iron sulphide Triolite FeS 
Group B- Condenser, Evaporator, and Heat Exchanger 
Calcium Calcium sulphate Anhydrite CaSO, 
Calcium sulphate Gypsum CaSO..2Hs:0 
Calcium carbonate Aragonite YaCOs 
Calcium-sodium-silicate Pectolite 4CaO. Na20.68i02. 
Calcium-magnesium- 
carbonate Dolomite CaCOs.MgCO; 
Calcium fluoride Fluorite CaF; 
Copper Copper sulphide Cus 
Copper carbonate Malachite CuCOs.Cu(OH)s 
Copper iron sulphide uFeS 
Copper oxide Cuprite Cu:0 
Magnesium Magnesium silicate Forsterite Mg2SiOg 
Magnesium hydroxide Ma(OH): 
Magnesium silicate Serpentine 3Mg0O.2Si02.2H20 
Iron Iron oxide Magnetite en 
Iron oxide Goethite Fe203.H:0 
Sodium Sodium-aluminum-silicate Noselite 
Group C Steam and Condensate Line 
Ammonia Ammonium bicarbonate Teschemacherite NH«HCOs 
Iron Iron carbonate Siderite FeCOs 
Sodium Sodium sulphate Na2SO, (IIT) 
Group D Miscellaneous Power Plant Equipment 
Calcium Calcium carbonate Calcite. BCaCOs 
Calcium carbonate Aragonite ACaCOs 
Calcium aluminate 3Ca0.Al203.6H20 
Calcium phosphate Phosphate CasP20s.H:O 
Magnesium Magnesium hydroxide Brucite Mg(OH)s 
Group Turbine 
Copper Copper sulphite Chaleocite Cu:S 
Nickel Nickel oxide Bunsenite NiO 
Silicates Silicon oxide 
Silicon oxide “ristobalite SiO: 
Silicon oxide SiO: 
Sodium Sodium sulphate Thenardite NazSO,(V) 
Sodium-carbonate- i 
sulphate Burkeite NasCOs.2Na:SO, 
Sodium chloride Halite NaCl 


attacked by acid even though better grades of metal show no 
visible attack. The type and extent of the attack are illustrated 
in Fig. 6. This shows a nipple used as a spacer in the construc- 
tion of internal baffles in a boiler which had been acid-cleaned. 
An identical type of corrosion was observed in a number of other 
units employing the same grade of material. 

Corrosion of such parts in boilers or in other equipment is not 
of major importance and is presented here merely to illustrate 
the susceptibility to corrosion by acid when the metal in contact 
with the solution is not metallurgically clean. 

Active corrosion occurred on manhole covers in two boilers 
operating under different conditions. The pattern of the attack 
is shown in Fig. 7. In one instance it was indicated that the 
metal may have been fairly hot when the boiler was acidized. In 
the second case the unit was relatively cold, but the feedwater had 
been contaminated with an acid compound prior to acidizing. 
It is believed that the condition of the surface of the metal may 
have made it more susceptible than other portions of the boiler. 
These conditions were noted on boilers supplied by different 
manufacturers. 


Composition of Deposits. Table 2" shows a number of scales 
which have deposited in boilers and appurtenant power-plant 
equipment. Frequently such scale will be composed of several! 
formations, each having specific solution characteristics. Fur- 
thermore, the composition and extent of the deposit will vary 
widely in different positions of the same equipment. This condi- 
tion is demonstrated by the analysis of the encrustations removed 
from tubes in two sections of the same unit. 

Procedure for Acid-Cleaning Boilers. There is no standardized 
procedure for acid-cleaning of equipment and no standard solu- 
tion may be employed. It is obvious that the treatment must be 
guided and adjusted to meet the many variables encountered. 
Where the work is performed by a commercial company, the job 
is taken by contract and the contractor furnishes all the necessary 
appliances and the material for the complete acidizing, including 
washing down and neutralizing the residual acid when the clean- 
ing of the equipment has been completed. Generally, it is pref- 
erable to have the work done by a trained and experienced con- 
tractor rather than to attempt the work by local operators, unless 


7 Acknowledgment is made to Dr. F. N, Alquist, of The Dow Chemi- 
cal Company, who supplied much of the data included in Table 2. 
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the necessary trained personnel have been developed who can 
employ the proper technique for effective cleaning and prevention 
of the industrial hazard involved in such work. 

The program of operation which is usually followed when 
cleaning boilers consists of the following steps, in the order given: 


1 Drain the unit, cool, and inspect. 

2 Adjust the temperature of the metal to the desired level 
by the addition of feedwater. 

3 Drain. 

4 Fill with inhibited acid. 

5 Soak for a predetermined period. 

6 Continue tests to determine reduction in strength of acid 
If concentrations drop rapidly and continue to fall, draining and 
refilling with the solution may be required. 
7 When soaking period is completed, drain the unit. 

8S Flush two or three times by pumping feedwater into unit 
and draining as the pH of the test samples indicates the necessity. 

9 When flushing is completed, drain boiler and refill with 1 
to 2 per cent solution of alkali (soda ash or caustic soda). 

10 Drain, then fill with feedwater above the level in the top 
drum which was reached by the acid, and then drain to the normal 
water level. 

11 Heat with a slow fire and steam at 10 to 25 psi for 2 hr or 
more. 

12. Empty boiler completely if unit is to be inspected, other- 
wise lower concentration to desired point by blowing down, fur- 
nishing feedwater as required. 


Whenever possible, boilers should be drained and inspected 
after acidizing, and a record kept of the condition of the surfaces 
for future reference and comparison with conditions observed at 
subsequent inspections, 

There may be many deviations from the foregoing operation, 
but the general plan is indicative of the steps which should be 
followed to lessen the danger of corrosion. 


HAZARDS 


Since all mineral acids are highly corrosive, especially when 
concentrated, it is obvious that much care should be exercised to 
protect both the personnel performing the work and the equip- 
ment which is being cleaned. If the treatment is carried out by 
experienced operators who are cognizant of the dangers involved 
and take the necessary precautionary measures, the resulting 
hazards should be negligible Aside from the danger of the corro- 
sive characteristics of the acid, the treatment involves a very 
definite hazard of fire and explosion if the hydrogen generated is 
not effectively removed and steps taken to prevent its discharge 
into the atmosphere. Extreme care should be used, also, to pre- 
vent hydrogen from pocketing in any equipment which is being 
acidized. 

How many accidents have occurred from explosions from 
hydrogen during or subsequent to acidizing is not known but 
during the past 2 years three accidents of this kind have been 
reported. In one instance two workmen were killed and exten- 
sive damaged resulted from an explosion of a boiler. The acci- 
dent was caused by failure to vent the gas from the boiler drum, 
the pocketed hydrogen being ignited by a spark from a flashlight 
used after the boiler was opened for inspection. 

This accident demonsirated the extreme danger of acidizing 
equipment by persons not thoroughly informed of the reactions 
which occur when the acid is in contact with steel. The two 
other accidents reported were also explosions resulting from igni- 
tion of accumulated hydrogen gas. These accidents were not 
fatal to personnel, but resulted in appreciable damage to the 
equipment, 

A number of injuries to personnel, resulting from burning or 
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gassing, have come to the attention of the author. There is one 
case on record during the past year where an operator cleaning a 
boiler by inhibited acid was killed by arsenious oxide released by 
the inhibitor which contained an arsenic compound. This type 
should never be used, although such inhibitors are quite effective 
for retarding corrosion. 
CONCLUSIONS 

Experience clearly demonstrates that acid-cleaning of equip- 
ment is a useful and economical means for removing encrustations 
from boilers and many other types of power-plant equipment. 
However, it should never be undertaken or practiced by in- 
experienced persons who are not fully aware of the dangers 
involved. Furthermore, acidizing should be practiced only if and 
when such treatment is necessary. It is a very questionable pro- 
cedure for any plant repeatedly to acid-clean equipment as a 
routine maintenance schedule. Such a program is unwarranted 
both from the standpoint of cost and over-all depreciation of 
equipment. 

No equipment should be treated with acid unless there is assur- 
ance that the acid used can be completely removed after the 
cleaning process has been completed. Most powerhouse equip- 
ment is susceptible to cleaning by flushing and flooding with 
neutralizing alkaline solutions. However, there are certain appli- 
ances that are so constructed that adequate removal of acid can- 
not be effected, or can be done only with great inconvenience and 
at appreciable cost. In this group the nondraining superheater 
is an example of apparatus which does not lend itself to acid- 
cleaning. In some cases where the superheaters may become 
badly fouled with deposits which are not water-soluble, acid- 
cleaning may be practiced. If such work is undertaken it should 
be attempted only when there is assurance that adequate provi- 
sion has been made for flushing and neutralization when the 
work is completed and before the unit is returned to service. 


Discussion 


F. N. Atquist.§ The acid-cleaning of boilers and auxiliary 
equipment has been called to the notice of the Society several 
times in the past few years. Briefly, attention is directed to a 
discussion by C. H. Groom, G. Williams, and the writer,’ on scale 
removal from heat-exchange equipment. Before this publica- 
tion and since, we have been working in close contact with 
the power industry and many others on cleaning problems. The 
present paper is a valuable contribution to the literature on the 
subject. Data are also given in a paper by J. L. Wasco and 
the writer.'¢ 

Acid-cleaning is an economical method of cleaning power-plant 
equipment. However, the hazards of the acid-cleaning process 
should be fully recognized so that only experienced persons will 
be entrusted with cleaning. All engineers recognize that acidiz- 
ing should be done only when necessary. 

The author’s statement, ‘It is a very questionable procedure 
for any plant to acid-clean equipment as a routine maintenance 
schedule,”’ requires further discussion. For example, when 
should a high-pressure boiler be cleaned? The proper answer is 
to turbine selected tubes to find the extent of fouling. If the 
fouling rate thus determined is such that annual cleaning is re- 


* Organic Research Laboratory, The Dow Chemical Company, 
Midland, Mich. 

* “Chemical Removal of Scale From Heat-Exchange Equipment,” 
discussion by C. H. Groom, G. Williams, and F. N. Alquist, Trans. 
A.S.M.E., vol. 65, 1943, pp. 719-722. 

10 “Chemical Removal of Calcium Sulfate Scale,”” by J. L. Wasco 
and F. N. Alquist, Industrial and Engineering Chemistry, vol. 38, 
April, 1946, pp. 394-397. 
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quired, then the plant is acid-cleaned annually on a routine 
maintenance schedule. These decisions are made by the plant 
engineers on the basis of cost and over-all depreciation values. 
The practice of the writer’s company on its boilers shows variable 
times for extent of fouling depending upon water treatments and 
loads. 

It is well that the power industry be made aware of the dis- 
tinction between corrosion due to operation and corrosion due to 
improper cleaning procedures. A proper conclusion to be 
drawn is to maintain treating temperatures as low as possible 
during cleaning and as stated, preferably between 140 and 160 F. 

The author has ably discussed the theories of inhibition. 
Fifteen years of research by the writer’s company on acid in- 
hibitors indicates that both the inhibitor and the acid concentra- 
tion must be selected so as to give a low corrosion rate under 
cleaning conditions. 

Experience gained on thousands of installations where forced 
circulation has been compared to circulation by convection, 
shows that forced circulation is only occasionally necessary. 

That the effect of inhibited acid varies as the metals differ in 
composition has been known in the art for a long time. Power- 
industry engineers have found that operation corrosion as well as 
corrosion in cleaning depends upon the composition of the metals 
involved. Considering Figs. 3, 4, 5, 6, and 7 in the paper, no 
statement can be made as to how much corrosion is due to opera- 
tion and how much is due to cleaning. 

The steps outlined under procedure for acid-cleaning boilers 
are good but, under the war-emergency conditions, these steps 
were not always used because of lack of time; however the en- 
gineers of the power industry now follow them more closely. 

Finally, the hazards of handling acids and venting the hydrogen 
that may be produced during the cleaning operation are well 
known both to the chemical and power industries. With proper 
safety precautions and helpful papers such as this one, the power 
industry can take economic advantage of acid-cleaning methods 


R. E. anp C. E. Kaurman.'? We are in agreement 
with the general facts on acid-cleaning of boilers as developed by 
the author. More incisive analysis of some of the factors in- 
volved brings to light some significant considerations that require 
emphasis. 

Acid used for the process is supplied with an inhibitor, that is, 
a substance whose purpose is to minimize or prevent attack of the 
acid on the boiler steel, while not interfering with its dissolving 
effect on other substances such as the calcium carbonate and 
phosphate, the iron oxide, etc., comprising the boiler sludge and 
scale. Concentration of the inhibitor in the acid-cleaning solu- 
tion is a function of the type of inhibitor used, concentration of 
acid employed, and temperature at which the job of acid-cleaning 
is done. Thus one can depend upon the inhibitor to protect 
against direct attack of the metal by the acid within rather gener- 
ous temperature limitations, if the concentration of inhibitor 
required in relation to the acid is consistently maintained, and if 
the products of reaction of the acid with the boiler sludge or 
scale are not of themselves potent in their attack on the metal, 
regardless of the inhibitor. 

As a matter of fact, these products of reaction divide into two 
classes, one of which is innocuous as regards the boiler metal; the 
other of which is highly aggressive in attack on the metal, even 
with any usual inhibitor present in the acid solution. Materials 
which give rise to the first class comprise the calcium and magne- 
sium salts of the boiler sludges and scales; those giving rise to 
the second class are the iron oxides, either magnetite or hematite. 
Whether formed in the feed line by the action of dissolved oxygen 


Mem. A.S.M.E. 


11 Hall Laboratories, Inc., Pittsburgh, Pa. 
12 Hall Laboratories, Inc. 
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and thence entering the boiler, or whether formed in the boiler 
itself by reaction of boiler metal with the bonded oxygen of the 
boiler water, these oxides represent high .oxidizing capacity. 
Concentrated bit by bit as the boiler is operated and held harm- 
less by the insolubility of the oxides in the boiler water, they 
await only the trigger action of the acid solution which dissolves 
them to bring this concentrated oxidizing capacity into play 
against the boiler metal. Metallic copper, so frequently associ- 
ated with the iron oxides, may enter into but cannot initiate 
the oxidation reactions, nor can it contribute thereto. In fact, 
by plating out on the metal it may even be protective in some 
measure. 

Let us explore conditions in a thin layer of the acid-cleaning 
solution adjacent to the metal when the sludge or scale consists 
primarily of insoluble calcium and magnesium salts, and the nor- 
mally quite low percentage of iron oxide. The acid dissolves 
the deposit, forming calcium and magnesium chloride, both of 
which are stable salts devoid of oxidizing capacity. Because of 
this, they originate no attack on the metal, and the protection 
provided by the inhibitor in the acid remains intact, unless undue 
temperature elevation has adversely affected protective condi- 
tions. Barring undue temperature, whether flow of the acid- 
cleaning material over the surfaces is provided for by means of 
circulating the solution or whether there is or is not considerable 
agitation of the solution by dissolving such material as carbonate, 
a protective concentration of the inhibitor in relation to the acid 
content of the solution prevails at the surfaces. 

Let us now explore conditions in the thin film of acid-cleaning 
solution adjacent to the boiler metal, when the sludge in the boiler 
is mainly magnetic oxide Fe;Q,, which dissolves forming ferric 
and ferrous ions. It is readily demonstrated that the ferric ion 
is the most important factor in promoting attack. 

Fundamentally the aggressiveness of solutions containing 
ferric ion can be explained on the basis of the following reaction 


It will be noted that this process does not intrinsically involve the 
disappearance or formation of an acid or a base. Therefore it 
might be presumed that the inhibitors customarily employed to 
stifle acid attack on steel would not be well adapted to minimize 
the reaction of ferric ion with metal. Laboratory tests have 
confirmed this point. 

In the laboratory we have run a number of agitated-solution 
tests at 150 F, for 6 hr, in which the reality of ferric-ion attack 
is clearly apparent. For example, when 1 per cent Fe;O, was 
added to an inhibited acid solution, attack on an inserted steel 
strip was increased nearly threefold as measured by weight loss. 
The loss, representing about one third of the potential attack as 
just defined in Equation [1] was undoubtedly limited by the 
incomplete solubility of the added iron oxide, behavior which of 
course may be found in full-scale cleaning operations. When 
the ferric material was present in considerably greater con- 
centrations and as completely soluble chloride, without acid but 
with a standard inhibitor present, attack actually considerably 
exceeded that predicted from reaction [1]. 

In the removal of deposits from boilers by acid-cleaning, when 
magnetic iron oxide, for example, goes into the circulating acid, 
what quantitative potential has it for producing damage? If it 
is assumed that 1000 gal of cleaning acid builds up to contain 
homogeneously distributed in solution 1 per cent or 83.3 lb of 
material originally Fe;O0,, 20 lb of iron can be dissolved if Re- 
action [1] goes to completion. If, for example, the dissolution 
of iron is assumed to take place evenly within 3-in. tubing, the 
general loss of metal will amount to less than 0.001 in. If, how- 
ever, the ferric ion is not homogeneously distributed in the acid 
solution, but rather is selectively concentrated in localized areas 


wa 
| 
Piste 
‘a 


POWELL 


rich in magnetic oxide, then serious pitting or wastage in such 
areas may be expected. 

Avoidance of such corrosion we believe is best effected by 
steadily maintained circulation of the acid-cleaning fluid so that 
localized high concentrations of ferric chloride cannot occur, and 
by limiting concentration of ferric chloride in the acid-wash- 
ing solution through adequate blowdown and replenishment of acid 
solution, thus protecting against too much loss of metal in general 
corrosion of the surfaces by even the homogeneously distributed 
ferric chloride which develops mainly at the surfaces or in par- 
ticular spots in the boiler. Satisfactory control of ferrie-ion 
concentration can be established by analysis. 

For the boilers that develop magnetic oxide by the bonded- 
oxygen process in regions where high heat release renders intolera- 
ble any decrease in circulation, acid-cleaning does a_ specially 
significant job, in that by cleansing the surfaces of iron oxide, 
and thus bringing back the original designed circulation in the 
tubes, the conditions for reaction of the bonded oxygen of the 
boiler water with the tube metal are minimized. Thus periodic 
acid-cleaning as required can keep circulation at these points 
maintained at a level where any formation of iron oxide will be 
slight, and the boiler will be dependable. 

Naturally, acid-cleaning should not be looked upon as some- 
thing to supplant normal careful procedure in taking care of the 
boiler. 
prised in the circumstances just discussed, it can play a very ef- 
fective part. Likewise, alkaline-cleaning processes in some in- 
stances, dependent upon the composition of material to be re- 
moved, are more feasible than acid-cleaning. 

No mention has been made of acid-cleaning operations involv- 
ing nonferrous metals. It would be interesting to know if such 
cleaning has been conducted and the general types of inhibitors, 
if any, which proved useful. 


Nevertheless, especially in cases such as those com- 


L. E. Hanxtson.48 This paper is especially valuable because 
it tells of the dangers that may be encountered, not only to the 
equipment being cleaned, but also to the personnel engaged in 
doing the cleaning. The definite warning given by the author 
that acid-cleaning should never be undertaken or practiced by 
inexperienced persons who are not fully aware of the dangers in- 
volved, should not be ignored. It is evident that this work 
should be done either by someone commercially in the acid- 
cleaning field, or by someone who is professionally able to pre- 
scribe the proper acid to be used, its strength, the inhibitor to be 
used, the proper temperature and the length of time for its con- 
tact, and then the best way to dispose of the partially spent acid, 
as well as the proper material and method of neutralizing or re- 
moving the residual acid from the equipment. This service 
presumably can be had only at a cost which must be charged 
against the benefits that may be obtained by acid-cleaning. 

There is another, and probably a much greater cost that must 
be borne by those who indulge in this means of keeping their 
equipment in service. It is the loss in efficiency and capacity of 
the equipment from the time the surface begins to foul until the 
deposit is of sufficient magnitude to justify removing the equip- 
ment from service for acid-cleaning. By using the average be- 
tween the clean condition and the fully fouled condition as the 


approximate continuous loss, it can readily be appreciated that © 


this cost is quite considerable and should be avoided if at all 
possible. 

It is our belief that it is much cheaper and very much more 
satisfactory to secure the services of competent water-condition- 
ing consultants whose aim is to avoid the necessity of any clean- 
ing rather than to acid-clean and bear the costs that have just 


18 Superintendent, Efficiency Department, West Penn Power Com- 
pany, Pittsburgh, Pa. Mem. A.S.M.E, 
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been outlined. We believe that with this consulting service and 
properly trained operating personnel to carry out their recom- 
mendations, acid-cleaning, or any other type of cleaning that re- 
quires equipment outages is unnecessary. Of course, this implies 
properly designed equipment operated at ratings so that steam 
pockets, hideout, or reverse circulation is not experienced. 

Acid-cleaning has a very important place in power-station 
operation when the equipment is run at ratings beyond the nor- 
mal ability of the heat-transfer surface to function. In this case 
the surface may oxidize or change to form an insulation to a 
point where overheating and failure will follow. Acid-cleaning 
may remove the deposit that has been formed and prevent the 
equipment from failing. 

There is another situation where acid-cleaning is beneficial and, 
in fact, is the only practical means of restoring equipment to ser- 
viceable operating condition. During the war, when materials 
such as condenser tubes and the personnel for their installation 
were very hard or impossible to obtain, condenser léakage allowed 
silica to build up in some of our boilers to a point where it was 
deposited as an incrustation that caused tube failures. Acid- 
washing restored the boilers to good operating condition, where 
they have continued to function with the aid of the proper water- 
conditioning previously mentioned. 

One other acid-cleaning experience should be mentioned. Due 
to water leakage through the packing of the boiler feed pumps 
into the bearing cavities, it was found difficult to keep oil in the 
bearing reservoirs. An oil-company representative recommended 
that the straight mineral oil which had always been used be re- 
placed with a compounded oil that would not float out so easily. 
This was done and the bearing situation was remedied, but this 
oil was emulsifiable and such oil as did leave the bearing reser- 
voirs would not separate out in the drip collectors but was car- 
ried through into the boilers. There it mixed with the boiler 
sludge forming a tarry mass containing a small percentage of oil 
that adhered to the surfaces and caused burnouts. It was 
thought that increased alkalinity would dissolve this mass but 
it was not cleared up by this means, so we decided to acid-clean 
to dissolve the embedded sludge. Acid-cleaning partially dis- 
solved this mass. It also removed much of the protective coating 
of iron oxide and probably other iron compounds that had been 
formed on the water surface of the tubes by some reaction of the 
treating chemical, and which are considered beneficial and de- 
sirable. 

The presence of this iron compound can be well illustrated by 
our boiler-gasket experience. Due to scarred or cut hand-hole- 
seat surfaces, it was considered necessary to use solid copper gas- 
kets to make these parts tight. It was recognized that copper 
gaskets between the iron or steel surfaces and in the presence of 
the alkaline boiler water as the electrolyte were not conducive to 
long gasket life, yet we were never able to find even the slightest 
attack on these gaskets and they were considered entirely satis- 
factory. After the boilers were acid-cleaned new gaskets would 
not last 3 months and we have records of heavy new gaskets 
practically entirely disappearing in 2 months of operation. This 
caused us temporarily to abandon copper gaskets. We now be- 
lieve that the protective coating has been restored by the con- 
tinued use of treatment, and are trying a few copper gaskets which 
we hope will again give satisfactory service. 

As a further indication that acid-cleaning is detrimental in re- 
moving the beneficial iron-compound coating, our experience with 
corrosive barnacles should be related. After the boilers were acid- 
cleaned, large quantities of iron-oxide scale were found lodged in 
the tube headers and also in the tubes that had sluggish circula- 
tion. Frequent boiler outages were necessary until all this 
scale was removed from the system. These outages allowed the 
internal boiler surfaces to be exposed to atmospheric air, and 
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small rust spots were formed. These rust spots may have pro- 
vided the insulation that promoted barnacle growth and boiler- 
tube failures resulted. This is being given further study. It is 
now believed that the protective surfaces previously described 
have been fully restored, as failures of this type have not been ex- 
perienced during the last 11/2 years. 

While it is agreed that cleaning with acid is beneficial under 
certain extraordinary conditions, we wish to emphasize the part 
of the author’s conclusion which says, “It is a very questionable 
procedure for any plant repeatedly to acid-clean equipment as a 
routine maintenance schedule.” We believe that good house- 
keeping, coupled with intelligent water-conditioning to eliminate 
the need for acid-cleaning, is the preferred method of operating 
power-station equipment. 


W. R. LaMorrte.'* The writer’s company has been particu- 
larly interested in the cleaning of boilers by this method. It was 
first tried in 1939 to clean one of the 350-psi boilers at Kearny 
generating station. The results were so gratifying, both from the 
standpoint of low cost and degree of cleanliness obtained, that acid- 
cleaning has been standard practice at that station ever since. 
In 1940 the practice was extended to the 1250-psi boilers in the 
Public Service system. These high-pressure boilers were first 
acid-cleaned at half yearly intervals, but more recently they 
have been cleaned annually. As a result, some of them have 
been cleaned ten and eleven times. 

This experience tends to confirm what the author has written 
concerning the precautionary measures which are advisable in 
the use of acid for boiler cleaning. The best inhibitor procurable 
should be used and solution and metal temperature should be 

‘kept well below the temperature at which the manufacturer 
states the inhibitor will break down, the time of contact should 
be limited, and the various hazards should be recognized and 
adequate protection provided. 

In fact, we differ only with the following statement of the 
author: “It is a very questionable procedure for any plant re- 
peatedly to acid-clean equipment as a routine maintenance 
schedule. Such a program is unwarranted both from the stand- 
point of cost and over-all depreciation of equipment.” We 
look upon acid-cleaning as the normal and best way to clean 
periodically the internal surfaces of high-pressure boilers. Nothing 
so far discovered has indicated that measurable harm has 
been done during the past 5 years. 

Perhaps one reason for the foregoing has been the practice of 
using low acid concentrations, in the range !/2 to 1 per cent HCl, 
as contrasted with the range of 4 to 15 per cent discussed by the 
author. These satisfactory results have been achieved using 
presently available inhibitors, and certainly improvement in 
inhibitors can be expected in the future. High-pressure boilers 
now on order are so designed that the tubes cannot be cleaned by 
conventional methods; only by the use of liquids can the internal 
surfaces be reached. It has been our experience that the art of 
treating the boiler water has not progressed sufficiently to dis- 
pense entirely with internal cleaning. 


E. L. McDonatp.'* Our company was one of the early users 
of inhibited acid for cleaning power-plant equipment. For years 
we have acid-cleaned various heaters, feed lines, pumps, econo- 
mizers, etc., all under the guidance of the station chemist. 

Much was learned from our early experience. For example, do 
not try to clean old equipment too fast or too well with any scale- 
removing compound. Scale removed from the tube sheet of a 
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steam-crane boiler by trisodium phosphate exposed loosely rolled 
tubes and caused a great number of leaks that did not exist when 
scale covered them. Scale removed from the cast-iron junction 
boxes: of an economizer by acid-cleaning exposed porous spots 
in the box that did not leak before the removal of scale. 

When the shortage of labor during the war first prompted us to 
employ a commercial acid-cleaning company, we had the idea 
we could pump the acid to the boiler through the blowoff line 
which emptied into a sewer at a convenient location for tying-in 
the acid truck, thus saving the cost of an acid feed line. After a 
shert period of time the acid pumped through the line removed 
the scale and a great number of leaks developed, which again 
were not evident when the scale protected them. 

All of this is in keeping with the author’s statement to the ef- 
fect that acid is frequently blamed for corrosion which actually ex- 
isted before the acid was applied and was not evident until the 
acid removed the scale. The writer has observed corroded sur- 
faces, similar to the type shown in the paper, in boilers and tur- 
bine casings that had not been acid-cleaned. 

While we have made substantial savings by acid-cleaning with 
our own crew and equipment, we have not found acid-cleaning of 
large steam-generating units, as performed by a commercial 
cleaning company, to be very cheap. The average on five boilers 
with about 20,000 sq ft of surface each was $84 per 1000 sq ft 
of surface. This was about 40 per cent higher than the previous 
mechanicai cleaning cost. On these five boilers a 5 per cent acid 
solution was used. On three boilers cleaned at a later date, 
using 3!/, per cent solution, the cost dropped to $52 per 1000 sq 
ft of surface. This was still about 15 per cent higher than the 
previous mechanical cleaning cost. However, two items defi- 
nitely favored acid-cleaning, i.e., a shorter boiler outage, and a 
better job of cleaning. The fact is that it is practically impossi- 
ble to clean the modern steam-generating unit mechanically. 

Mention has been made that the control of acid temperature is 
important. A thermometer in the acid line can tell a false story. 
High “spot” temperatures can exist in a boiler if heat is trans- 
mitted from brickwork not previously cooled before acid treat- 
ment is applied. 

The author comments on the possible metal loss due to acid- 
cleaning; however, it should be remembered the old rotary tube 
cleaner also removed metal and, before water treatment reached 
its present stage, more than one boiler tube had to be replaced 
due to this metal loss. Also, in our own case, we believe the loss 
of metal, due to corrosion and erosion on the outside of the tube, 
would exceed any loss of metal on the inside. During acid- 
cleaning, metal test strips have been hung in boilers, carefully 
weighed before and after the acid-cleaning, and have given us 
an idea of the possible metal loss. 

Mention is also made of the hazard of generating hydrogen gas 
when acid-cleaning, and the author comments on a particular 
boiler explosion. A very serious explosion also occurred last 
year when acid-cleaning a condenser at the Wichita Station of the 
Kansas Gas & Electric Company. Details of this are covered in 
an article by E. D. St. John,!* which should certainly be read by 
anybody contemplating acid-cleaning of such equipment. 

While acid-cleaning of any equipment has merit, it should not 


. be undertaken except under the guidance of a competent chem- 


ist or other competent help. 


F. U. Neat.” In connection with acid-cleaning, the writer 
believes that considerably more importance should be attached 


16 “Repairs to Steam Turbine Unit Following Hydrogen Explo- 
sion,” by E. D. St. John, Power Plant Engineering, vol. 50, no. 3, 
March, 1946, pp. 64-68. 
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to the possibility of hydrogen embrittlement. Pickling embrittle- 
ment is too well known in the steel world to lead us to do any- 
thing but go well on the safe side with regard to removing hydro- 
gen. Particularly in the case of boilers, it is quite possible that we 
may open up crevices in seams and around tubes and these crev- 
ices must be stopped. However, if we should permit the rerolling 
of tubes or ealking of joints without making certain the removal 
of occluded hydrogen, then we are guilty of negligence. The 
writer’s practice is to rinse the boiler thoroughly, after which a 
solution of 2 to 5 per cent soda ash is boiled in the boiler for 8 to 12 
hr at from atmospheric pressure to 50 psi under open vents before 
the boiler is opened for inspection and certainly before any cold- 
working of the boiler metal is permitted. This boiling procedure 
accomplishes reasonable removal of hydrogen gas from the boiler 
and occluded hydrogen from the metal, largely prevents after- 
rust, and partially re-establishes the protective coating of mag- 
netic oxide. It may also assist. in the loosening of remaining 
scales which are incompletely soluble in acid. 

Attention is also called to a remark by the author which may be 
misconstrued. In his discussion of the hazards involved he 
states that the discharge of hydrogen to the atmosphere must be 
prevented. The writer feels certain that the author really meant 
that the vents must be piped to the outside in such a manner as 
to make reasonably sure that discharged hydrogen may not re- 
enter the building and that these vents be taken from as near the 
top of the equipment as is possible. If vents are left open during 
the fill and drain-rinsing operations and then during the boiling- 
out procedure, we are assured nearly complete removal of hydro- 
gen in the equipment. 


H. B. Oatiey.*® Deposits on the heat-transfer surfaces of 
several types of vessels are very generally recognized by designers 
as well as users. This is particularly true for vessels or pipe 
lines conveying liquids at increasingly higher temperatures and 
pressures. 

.Attention has been given to the use of purification systems for 
the removal of these undesirable elements which cause failure of 
the apparatus. Acid-cleaning has been used with beneficial re- 
sults by those who, like the author, realize the dangers of such use. 
The reverse is also true. 7 

The paper has called attention to the outstanding features of 
this acid treatment and the dangers of such cleaning are clearly 
and emphatically stated in the author’s conclusions. 

The increasing severity of operation has brought the designer 
to the doorstep of the metallurgists for better material, which is 
to be more highly resistant to deteriorating effects resulting from 
impeded heat transfer. It may also be said that the chemical in- 
dustry is looked to by these who require more effective and less 
dangerous scale-removing methods, entailing the use of chemical 
inhibitors. 


W. F. Ryan.” The development of inhibited acids for the 
cleaning of metal surfaces is just another example of the fact that 
many of us were born 30 years too soon. When the writer re- 
valls his filthy and laborious efforts to clean boilers and oil coolers 
in the old 74th Street Station, he wishes that the Dow develop- 
ment engineers had not been so dilatory in the development of 
acid-cleaning. His successors in the operating field can have 
these jobs performed with less labor and worry than he experi- 
ences when he sends his shirt to the laundry. 

In saying less worry, he is not relying entirely on the fact that it 
may be easier to replace a boiler than to get a new shirt. The 
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author’s precautionary remarks are timely and well taken but, 
on the other hand, the hazards are very slight if one is willing to 
pay somebody else to worry about them. Most of the adverse 
experience with which the writer is familiar, has arisen from mis- 
guided efforts to save a few dollars by doing the job without ex- 
perienced supervision or adequate equipment. 

In addition to the routine cleaning of boilers, there are special 
conditions under which the use of acid-cleaning may pay tre- 
mendous dividends; for example, in a paper mill it was dis- 
covered that the two high-pressure boilers had accumulated an 
unusual amount of sludge due to changes in the raw-water sup- 
ply. One tube was blistered and concern was felt for the rest of 
the heating surfaces. One would not ordinarily think of using 
acid to remove sludge, but based upon previous experience it was 
anticipated that a production loss equivalent to one half of the 
mill’s output for at least 7 days would be involved in shutting 
down the boilers, allowing them to cool sufficiently, cleaning them 
thoroughly, and getting them back on the dine. This was at a 
time when the mill output was heavily oversold and such a loss of 
production would be a major catastrophe. Dowell Incorporated 
was consulted regarding the practicability of using acid in this 
situation and found that both boilers could be cleaned in a single 
day. The two boilers were satisfactorily cleaned by circulation 
of inhibited acid and the entire operation consumed less than 19 
hr. The cost of the acid-cleaning was of the order of $500, 
while the production hours that were gained were worth many 
thousands. 

Another instance of high return on a small investment was 
experienced in the cleaning of cooling coils in large process tanks. 
For years these coils which are used with raw hard water, were 
installed with 3 times the calculated surface in order to compen- 
sate for the gradual accumulation of scale. At the end of 2 or 3 
years the coils were removed and replaced. The coil itself was 
not extremely expensive, but the replacement required draining 
and cleaning the tank with attendant loss of valuable materials. 
By the use of acid the coil can be cleaned in place with no loss of 
production or of materials. Life of the coil will be at least equal 
to that of the tank, and when new tanks are installed the cool- 
ing coils can be designed in correct proportion to the demand for 
heat transfer. 

The use of acid-cleaning in power plants and process industries 
is still in its infancy, with new time-saving and money-saving 
applications arising every day. Every operating or maintenance 
engineer who is confronted with the periodic cleaning of metal 
surfaces should investigate thoroughly what can be accomplished 
by this method. 


H. G. Turetscuer.*” We have acid-cleaned eleven boilers 
in our plants with satisfactory results. The work has been per- 
formed by a commercial chemical company. The strength of the 
acid solutions used was 5 per cent, the length of time contained 
in the boilers varied from 5 to 14 hr, and the temperature of the 
boiler metal and acid solution ranged from 150 F to 190 F. 
Forced circulation of the solution was not used. We do not know 
the nature or composition of the inhibitors used as this is con- 
sidered secret information by the commercial companies. Sub- 
sequent examination of these boilers has not revealed any definite 
evidence of acid corrosion. 

Included in the boilers, which were acid-cleaned, was a new 
525,000-lb per hr 675-psig 900 F total steam temperature 3- 
drum boiler, which was acid-cleaned immediately after the con- 
ventional boiling and drying-out period. The results obtained 
were excellent, and an appreciable saving was effected in the time 
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and labor ordinarily required to prepare the drums for Apexior- 
izing. In addition, we believe a more permanent Apexior job 
was obtained because of the cleanliness of the metal surfaces 
after acid-cleaning. We expect to continue this practice of acid- 
cleaning new boilers before they are placed in service. The 
superheater in this boiler was the vertical nondraining type and 
was filled with clean warm water before admitting the acid 
solution to the boiler. In some of our older boilers we had de- 
posits of analeite. The acid-cleaning did not remove these 
deposits but did soften them up so they were readily removed 
by turbining. 

We agree with the author that there are corrosion and explo- 
sion hazards attached to the acid-cleaning of equipment, but, 
like him, we believe these hazards are negligible when proper 
procedures and precautions are observed. 


G. F. Witurams.?4. This paper gives an exceptionally clear 
picture of chemically removing scales and sludges with acid-base 
solvents. The author is to be congratulated on this excellent 
paper which so ably relates the history of acid-cleaning and points 
out that its effective application involves a careful consideration 
of all pertinent factors. When one considers the complexity of 
the questions involved, which deal not only with chemical engi- 
neering but also with metallurgy, electrochemistry and other 
sciences, it is even more apparent that all factors must be care- 
fully weighed by one thoroughly trained and experienced in this 
line of work in order that the accumulated scale may be removed 
safely. 

It is interesting to note that over 25 years ago the entire piping 
system of a large building was successfully cleaned of scale by the 
use of acid-base solvent but, as the author points out, “It is sur- 
prising that this novel method of cleaning pipe lines did not re- 
ceive more widespread interest at that time since the basic prin- 
ciple of the procedure has much merit.’’ Possibly the difficulties 
experienced on this job were sufficiently serious to deter this type 
of work in the immediate future and the present commercial use 
of acid-cleaning may be due in no small degree to the experience 
gained in using millions of gallons of inhibited acid-base solvents 
during the last few years for increasing the flow of oil wells. 

In only a few cases has any corrosion been noted in boilers 
following acid-cleaning, and in most of these there was considera- 
ble evidence that the corrosion could have taken place during 
operation of the equipment rather than during the cleaning job. 
Our company, during the last 10 years, has made over 50,000 
separate treatments using inhibited acid-base solvents on oil 
wells and industrial equipment, and in less than 0.1 per cent of 
these jobs has any question been raised concerning the possi- 
bility of corrosion due to the use of inhibited solvent. In fact, it 
is the opinion of many operators of large steam-generating equip- 
ment that the metal loss from cleaning with acid-base solvents is 
less than that which results from mechanical cleaning methods. 

The manhole cover, shown in Fig. 7 of the paper, showed defin- 
ite corrosion upon inspection following an acid-cleaning job, but 
as this unit was not inspected immediately prior to cleaning, 
there is room for considerable uncertainty as to the cause of the 
corrosion. Representatives of the writer’s company were present 
with the author and others at the time this inspection was made. 
Other places on the edges of the manhole covers in this boiler 
showed occasional large corrosion “pits” much deeper and much 
larger than anything shown in Fig. 7. It seems practically im- 
possible that such a large amount of metal could have been re- 
moved from such a small area in the few hours’ time in which 
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acid was in contact with the metal. Probably factors other than 
cleaning with inhibited acid-base solvent contributed to this 
corrosion. 

One of the conclusions to this paper, viz., ‘It is avery questiona- 
ble procedure for any plant repeatedly to acid-clean equipment 
as a routine maintenance schedule,” might be clarified. Cer- 
tainly any preconceived schedule for periodical cleaning without 
any knowledge of the rate at which scale is formed would be ques- 
tionable, but whenever there is sufficient scale accumulation to 
warrant its removal, acid-cleaning is the best and sometimes the 
only feasible way of removing it. After the deposition rate of 
scale in a boiler is known and therefore the frequency with which 
it must be’removed, it seems entirely reasonable that acid-clean- 
ing could be done on a routine maintenance basis. 


AuTHOR’sS CLOSURE 


The comments presented on the author’s paper by the several 
discussers are constructive and justify much consideration by 
those interested in the subject. 

The theory on the mechanism of corrosion, as brought out by 
Messrs. Hall and Kaufman, requires consideration and indicates 
the need for further research along these lines. Although there 
is much disagreement among engineers as to the relative merits of 
circulation to avoid concentration cells, as suggested by Dr. Hall, 
this is a desirable procedure under some circumstances and, where 
it can be carried out in a practical manner, circulating the solu- 
tion may conceivably overcome the tendency to cause spotty 
corrosion of the metal. Regardless of the advantages offered by 
circulation during cleaning of apparatus there are many cases, 
especially those involving cleaning of large boilers designed with 
complex circuits, where circulating the solution can not be readily 
affected. It is obvious that uniform circulation through a large 
unit is difficult and it is doubtful if pumping the solution through 
units will insure much better movement of the solution over the 
metal than may be obtained by normal thermal circulation which 
occurs during the cleaning process. 

Regardless of these apparent operating difficulties to carry out 
the procedures for avoiding corrosion as suggested by Dr. Hall, 
the problem warrants further study. It is hoped that the Hall 
Laboratories, Inc., and other interested groups will continue to 
study and develop means for overcoming many of the trouble- 
some problems encountered in the acid-cleaning technique. 

Dr. Alquist’s statement that “The effect of inhibited acid 
varies as the metals differ in composition” has been known in the 
art for a long time. Power-industry engineers have found that 
corrosion during operation as well as corrosion in cleaning de- 
pends upon the composition of the.metals involved. This has 
not been fully appreciated by many operators. Why some metal 
corrodes during acid cleaning to a greater extent than others, 
when the cleaning procedures are practically identical, is not 
clearly understood but no doubt is related to the composition of 
the metal and other metallurgical characteristics. 

The instructive and informative research now being carried out 
by The Dow Chemical Company under the guidance of Dr. 
Alquist and his associates should reveal much valuable infor- 
mation and place acidizing of equipment on a much more exact 
basis than is now possible with our limited knowledge. It is 
hoped that this and other organizations carrying on research in 
this field will release their findings from time to time. Such 
dissemination of data should serve as an invaluable guide to the 
profession. 

The author is in agreement with many of the comments made 
by Mr. Hankison, since our experiences have paralleled his re- 
garding a number of difficulties described. The acid attack on 
copper gaskets during cleaning of boilers has been encountered 
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many times with varying degrees of severity. These difficulties 
and other precautionary remarks mentioned by Messrs. Hanki- 
son, LaMotte, and MacDonald and the other discussers, demon- 
strate the need for intelligent planning and control for safe and 
effective treatment of any equipment by inhibited acid solu- 
tions, 

With regard to Mr. Neat’s comments, namely, ‘Attention is 
also called to a remark by the author which may be miscon- 
strued,” the author’s precautionary remark, of course, related to 
adequate venting to the outside atmosphere. We regret if our 
statement in the text has been misconstrued by others. It is 
presumed to be obvious that the avoidance of a fire or explosion 


hazard would require complete and adequate venting outside the 
building by suitable facilities. 

The aim and purpose motivating the preparation and presen- 
tation of the author’s paper was to direct attention to the eco- 
nomic and practical value of acidizing boilers and other auxiliary 
equipment. The very favorable comments by so many engineers 
and chemists indicate that designers and operators agree with 
our viewpoint, differing only in details of application of the pro- 
cess. There are a number of unsolved factors which are not well 
understood and therefore may not be adequately evaluated. 
It is hoped that our effort has focused attention on these matters 
and will stimulate further study of the problem. 
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The Theory of Plasticity— 
An Outline of Work Done in Russia 


By W. W. SOKOLOVSKY,? MOSCOW, U.S.S.R. 


The theory of plasticity as an important part of the 
mechanics of continuous materials has occupied the at- 
tention of many Russian workers in recent years. In the 
first paper in this field* published in 1935, by S. Sobolev 
(17)4 the propagation in time of a plastic zone was investi- 
gated around a circular hole in an infinite plate. The 
plastic zone was assumed to have a polar symmetric shape. 
Based on the works of L. Prandtl, Th. von Karman, R. 
von Mises, H. Hencky, A. Nadai, and others, more recently, 
a group of young Russian engineers have investigated fur- 
ther the theory of plasticity and added many new de- 
velopments to it. While the investigations abroad 
and in Europe, outside of Russia, were being aimed 
at establishing the validity of the theory of plasticity, 
most of the papers appearing in the literature in Russia 
were devoted to the solutions of concrete problems. This 
review does not attempt to discuss broadly the work done 
in the theory of plasticity. The author confines himself 
to certain parts of the theory which have been developed in 
Russia. Naturally those closest to his own scientific in- 
terests have been selected for treatment. 


Piastic Srress-STRAIN RELATIONS—THEORY OF ViIscoUS 
BoptEs—STaBILITY QUESTIONS 


HE equations expressing the state of strain beyond the 

limits of elasticity have been the subject of investigation 

by a number of scientists, among them, N. Belayev (1), 

L. Kachanov, A. Ilyushin, and A. Ishlinsky. These studies 

constitute a development of the Mises-Hencky theory of plastic- 
ity, which has won general recognition. 

Hencky gave the equations for the components of deforma- 


‘This is a brief summary of-an address which was made by 
Dr. Sokolovsky on June 21, 1945, at a meeting of the Institute of 
Theoretical Mechanics in Moscow during the Science Congress of the 
Allied Nations which was held in Moscow and in Leningrad in com- 
memoration of the 220th anniversary of the founding of the Academy 
of Sciences of the U.S.S.R. The writer of this introductory note has 
been privileged to present an English translation of the original manu- 
script to the JourNaL or Apptiep Mecnanics. This translation 
which was received in Moscow by the writer on June 29, 1945, was 
prepared by N. Talickish, editor of the Journal of Applied Mathe- 
matics and Mechanics. American readers will be grateful to Dr. 
Sokolovsky and to Mr. Talickish for acquainting them with a num- 
ber of recent remarkable investigations by Russian engineers into the 
theory of plasticity which otherwise would have remained unknown 
in this country owing to the difficulties of the language.—A. Nadai. 


? Professor, Institute of Theoretical Mechanics of the Academy of 
Sciences in the U.S.S.R. 

3 Papers on the application of the theory of plasticity to bars in 
building mechanics appeared somewhat earlier. Reference to these 
will be omitted in this review. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1946, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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tion expressed through the components of stress; of considera- 
ble interest are the inverse expressions. The latter were ob- 
tained by L. Kachanov (14) both for the case of ideal plasticity 
according to the Mises conditions, and for the more general case 
of a strain-hardening material according to the Schmidt condi- 
tions. L. Kachanov strengthened the validity of the Mises- 
Hencky theory and investigated in detail the equations of equilib- 
rium and of motion of a plastic body by basing them on a 
number of interesting energy theorems derived from the prin- 
ciples of the calculus of variation (13, 15). 

A. Ilyushin (5) contributed new equations, valid for the proc- 
ess of unloading, to the Mises-Hencky theory of plasticity. 
He assumes that the intensity of the shearing stresses is propor- 
tional to the unit shears.- This makes it possible to consider 
problems dealing with the active process of “loading,” as well as 
the passive process of “unloading.” The results obtained are 
particularly important in their application to stability beyond the 
limit of elasticity, of which examples will be given later. 

The theory of viscous materftals was evolved in Russia by A. 
Ilyushin (4). In addition to the well-known hypothesis of Saint 
Venant of the coincidence of the maximum rate of shear with the 
greatest vector of the shearing stress, this theory is based on 
the assumption that the maximum shearing stress in flow is al- 
ways larger than a constant ¢, and is a linear function of the maxi- 
mum rate of shear. For example, in the case of a circular bar, 
Fig. 1, the normal stress ¢, is assumed equal to 


o, = 6, + ue, (see footnote’) 


Fic. 1° AssuMED SHAPE OF Bar FOR DiscussING STABILITY OF 
DEFORMATION IN TENSION 


where u is the coefficient of viscosity and ¢, the rate of strain. 

The most interesting problems in the theory of deformation of 
such viscous bodies, which were raised by A. Ilyushin and solved 
by him and other authors, are those dealing with the stability of 
stretching or compression of strips, bars, and plates. 

The problem was solved by A. Ishlinsky (8) for the case of a 
cylindrical bar of circular cross section with the radius a. He 
reduced the problem to an equation which he integrated by 
means of Bessel’s functions. 

He found, for example, for a bar having the small deviation 


5 A viscous substance having a definite yield stress deforming when 
the stress is larger than a cestain stress a, ‘‘yield value,” was postu- 
lated long ago in the United States in ‘‘Fluidity and Plasticity,” 
by Eugene C. Bingham, McGraw Hill Book Company, New York, 
N. Y., 1922, p. 440 (p. 217; fig. 78, p. 219), and his assumption was 
used to explain the behavior of many actual substances in applica- 
tions; also, ‘“‘Ten Lectures on Theoretical Rheology,” by M. 
Reiner, published by Rubin Mass, Jerusalem, Palestine, 1943, p. 133. 
(This note added by A. Nadai.) 


‘ 
fe 
Z 
> 
M 
= 
. 


A-2 JOURNAL OF APPLIED MECHANICS 


é-sin nz from the form of a circular cylinder which is subjected to 
stretching, that the ratio of this deviation to the radius of an un- 
disturbed cylindrical surface tends either to increase (unstable 
deformation) or to decrease (stable deformation). This depends 
on the velocity of deformation. An analogous phenomenon 
takes place when strips or plates are deformed. The causes of 
this phenomenon may easily be ascertained, Fig. 1. The rates 
of strain in the narrower cross sections /- M of a bar must be 
larger than in other sections, since the true stresses in them are 
larger, and hence these cross sections will decrease the more 
quickly. On the other hand, the curvatures of the trajectories 
of the main stresses level out the deformations. These factors 
taken together determine the process of deformation as a whole. 

Stability of deformation depends on whether the expression 


Ji(yh) Jo(yh) + Ji(yh)J o(-yh) 


is positive or negative. In this expression h = na and y and 7 
are a complex number and its conjugate value, which depend on 
the velocity of deformation and on the constants ¢, and ». It is 
interesting to note that conditions may be set up in which the 
relative deviation of the form of the bar from that of a cylinder 
may be increased owing to compression. A. Ilyushin has proved 
this phenomenon experimentally. 


BENDING OF PLATES AND SHELLS 


An interesting section of the theory of plasticity, which has 
been considerably developed in Russia, is the theory of the 
elastico-plastic bending of plates and shells. This theory is 
based on the Kirchoff-Love hypothesis of the “rectilinear ele- 
ment”’ and is a generalization of the theory of the bending of 
beams. 

The starting point in this problem is the condition of ideal 
plasticity of Mises 


+ — +3 Tap? = 


where %, % are the normal components of stress, Tag the 
shearing stress, and o, the yield stress. 

Or the condition of the more general form may be postulated 
| V + % + 


(€a,£s, and Yes are the components of strain) where the z-axis 
is normal to the middle surface of the shell, 8 = const and a = 
const are curvilinear co-ordinates on the middle surface, and F isa 
power function. This latter condition takes the strain-hardening 
of the material into consideration. 

Both of the conditions mentioned are somewhat simplified 
by neglecting the shearing-stress components Tas, 7s, and the 
unit shears Yaz, Yg: in comparison with %a, %g, and £a, €g. 

A. Ilyushin (5) considered the rotationally symmetric plastic 
state set up in circular cylindrical shells loaded by normal pres- 
sures uniformly distributed along a range of the generatrix. 

Fig. 2 shows the distribution of the plastic zones over the 
meridional cross section of a cylindrical shell. A completely 
plastic state throughout the thickness of the shell may be set up 
along a range of the generatrix. This is an important feature dis- 
tinguishing this problem from that of the bending of beams; for in 
the bending of beams a completely plastic state may arise only at 
points on the axis of the beam and not throughout a range. 

The author (21) has investigated the elastico-plastic state in a 


+P + + “Yas? 


-plastic state of a shell. 
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Fie. 2. DistriBpuTION oF PLastic ZONES IN WALL OF CYLINDRICAL 
SHELL 


Fig. 3 SuccessivE EXPANSION OF PLastic ZONES IN CIRCULAR 
PLATE 


circular plate of radius a, subjected to the action of a rotationally 
symmetric distribution of an arbitrary load. 

Fig. 3 shows the successive growth and expansion of the plastic 
zones through the thickness of the plate in a meridional cross 
section due to an increase of a uniformly distributed load over the 
surface of the plate p = constant. 

When 


h 
p = 6.58 0, — 
a? 


(2h = plate thickness, a = radius of plate, ¢, = yield stress in 
tension) a pure plastic state (a completely plastic state through- 
out the thickness of the plate) arises at the center, and simul- 
taneously the entire plate passes into a pure plastic state. The 
same phenomenon takes place. when the load is distributed 
over any one of the concentric circles of the plate. This is an 
interesting feature distinguishing this problem from that of the 
bending of beams, for the rise of a pure plastic state at one point 
of the beam does not induce a pure plastic state throughout the 
beam. 

Fig. 4 represents the relationship between the value of the 
deflection f in the center of the plate and the value of the increas- 
ing load p. 

A. Ilyushin obtained the finite relationship between the stress 
resultants S and moments a, Mg, H for a completely 
This condition arises out of the Mises 


condition of plasticity and may be expressed in terms of two 
parameters. 

This finite relationship between resultants of stress and 
moments may be applied to the solution of problems of the com- 
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Fig. 3 


pletely plastic state by means of the methods of the calculus of 
variations. 

In the particular case of rotationally symmetric deformations 
without axial stretching, the resulting formulas take the form 


2 
in 


where é is a parameter. 

These formulas give the relationship between the values of the 
longitudinal stress resultant 7’ and the bending moment a 
in case of a pure plastic state of a shell. 

Stability of compressed bars beyond the limit of elasticity 
was investigated by Th. von Kérmdn in 1909. Von Karman’s 
formula for plasticity with linear strain-hardening gives the 
following value for the critical length ler of the bar (beyond which 
the bar loses its stability) beyond the limit of elasticity 


4EE, 


les => rl 


(JE + VE,)? 


where K is the so-called von Karman or reduced modulus of 
buckling, Z is the modulus of elasticity, and E, is the modulus 
of linear strain-hardening (i is an integer). 
For the case of ideal plasticity, Z, = 0, the critical length of the 
bar is equal to zero 
ler = 0 


A. flyushin (6) investigated the stability of plates and shells 
beyond the limits of plasticity; his starting point was the Mises- 
Hencky theory of plasticity and the law of unloading. For the 
sake of simplicity the material was assumed as incompressible 
in both the elastic and plastic zones (Poisson’s ratio » = '/2). 

Loss of stability lies in the fact that for certain magnitudes of 
the external forces, besides the initial state of equilibrium, an- 
other state of stress 


Fa + + 508, Tag + fa + 5a, + Yas + 


becomes possible and that (excluding eccentrically applied loads) 
the transition from the first state into the second occurs with no 
change of forces. 

If the plate is in a pure plastic state prior to loss of stability. 
then after loss of stability, generally speaking, two zones form 


A-3 


throughout the thickness of the plate; in one of them loading 
will continue and it will remain plastic, and in the other un- 
loading will begin and it will become elastic. On the boundary 
between these two zones the intensity of the shearing deforma- 
tion is constant. 

A. Ilyushin expresses the increments of the moments and 
forces in terms of the deflection of the middle surface of the plate 
and derives the basic differential equation of stability, which is a 
generalization of Bryan’s equation for elastic cases. He in- 
vestigated a number of interesting particular cases of stability, 
among them the case of instability of a rectangular plate with 
two free edges compressed by a load uniformly distributed 
along the two other edges. 

It is interesting to note that if a material with ideal plasticity is 
assumed, the calculation proves the existance of a plastic zone 
only in the plate after loss of stability (the elastic zone vanishes). 
It was found that the critical length of the plate is not zero but, 
when 2h is the thickness of the plate, is equal to 


3 


where o, is the yield stress, and y is a variable, increasing in the 
process of flow from 0 to 1. At the beginning of flow y = 0, and 
the critical length will be one half of the corresponding critical 
length in the elastic state. 

The application of this theory to shells made it possible to 
investigate the rotationally symmetric case of the stability of a 
circular cylindrical shell compressed by external pressure and an 
axial force. 

Mention must also be made of simpler elastico-plastic problems. 
Among these are the cases of plastic equilibrium of a hollow 
sphere, of a hollow cylinder, and the torsion and simultaneous 
stretching of a circular bar. These problems, which have wide 
practical application, were studied by Smirnov-Alayev (16), 
N. Belayev (2), and the author (20). 

In solving these problems, the Mises-Hencky theory was em- 
ployed, under the assumption of the incompressibility of the 
plastic material. This assumption has a strong influence upon 
the value of the displacements and does not permit satisfying 
completely the conditions of the continuity of all the components 
of stress and displacements on the boundary between the elastic 
and the plastic zones. 

An objective of recent work is to avoid these defects of the 
theory. This requires employing the exact theory of Mises- 
Hencky by taking into consideration the compressibility of the 
material in both the elastic and the plastic zones. 

The method evolved for the solution of this problem may be 
applied to the condition of ideal plasticity of Mises-Hencky or 
to the Schmidt condition of strain-hardening of the material. 
The solutions of these problems are given either in closed form or 
reduced to one of the usual nonlinear equations of the first order. 


Priastic STaTe OF PLANE STRAIN 
AND PLANE LIMITING STATE OF EQUILIBRIUM OF A SOIL 


The starting point for the theory of the plastic state of plane 
strain (strain e, = 0) may be the Saint Venant theory of plastic- 
ity or the Mises-Hencky theory; while the starting point for the 
theory of the limiting cases of equilibrium in loose materials 
may be Koetter’s equation. 

The condition of plasticity, according to the Saint Venant and 
the Mises-Hencky theories, has the form 


— + &,° 4 [1] 


where for the Saint Venant theory k = o,/2 and for the Mises- 
Hencky theory k = o,/ V3 where o, = yield stress for tension, 
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The condition of limiting equilibrium, according to the Koetter 
theory, is 


(o, — o,)? + 47,,? = sin? p(o, + + 2k ctg p)?...[2]8 
y 


where p is the angle of internal friction and k is the coefficient of 
cohesion. 

The two equations of equilibrium 
Orey _ [3] 
oy ox oy 
together with conditions of Equation [1] or [2], comprise a sys- 
tem of three equations for determining the three unknowns ¢,, ¢,, 
and Tzy- 

The system of Equations [1] and [2] has been investigated by 
a number of scientists, among them M. Levy, H. Hencky, L. 
Prandtl, H. Reissner, H. Geiringer, W. Prager, A. Nadai, and 8. 
Christianovich. These equations belong to the hyperbolic type 
and hence possess two families of characteristics (lines of slip) 
which are orthogonal curves in the z, y-plane. Equations [1] and 
[3] may be reduced to two linear canonic equations (if both fami- 
lies of characteristics are curvilinear), or, as was shown by S. 
Christianovich, have integrals with an arbitrary function (if one 
of the families of the characteristics consists of straight lines). 

Continuing the interesting work of Geiringer and Prager, 
Christianovich (24) solved the boundary-value problem for the 
distribution of stresses in the plastic zones outside and within a 
closed contour, assuming that the stresses are given along this 
contour. The problem can be reduced to the Cauchy boundary- 
value problem for the canonic equations mentioned, for given 
values along a segment of a curve in certain auxiliary planes rep- 
resented by means of the characteristic curves. 

For obtaining numerical solutions to these boundary prob- 
lems of Christianovich and of the theory of loose materials, the 
Massot method was employed in which the solution of the corre- 
sponding equations is reduced to defining the magnitude of the 
functions sought in a finite number of the points of intersection 
of the characteristics. In addition a number of important 
theorems on the properties of these solutions were derived. 

The system for Equations [2] and (4| was set up by Koetter 
and investigated by Nadai, H. Reissner, and the author (19). 
It belongs to the hyperbolic type of equation and possesses two 
families of characteristics (curves of slip) intersecting each other 
in the z, y-plane at constant angles. The equations mentioned 
may also be reduced to the so-called canonic form. 

The problem of the pressure of a loose soil on a retaining wall 
was investigated by Th. von Karm4n for the case of a vertical 
retaining wall. The angle of friction between the wall and the 
soil is equal to the angle of internal friction of the soil. The 
author (19) has developed a general method of solving the basic 
problems of limiting equilibria in soils. 

The particular feature of these problems is the presence of 
angular points on the contour and the discontinuity of the 
boundary stresses at certain points, which prevents the direct 
application of the Christianovich method. 

This obstacle may be avoided by introducing solutions having 
particular points, each of which has a corresponding range of 
characteristics in the plane of the characteristics. The problem 
of limiting equilibrium of a soil may now be reduced to various 
combinations of boundary-value problems (the Cauchy, the 
Riemann, and the so-called mixed boundary-value problem) 
for a canonic system of equations, to which Koetter’s equation 


Oz 


6 In Equation [2], the European notation ‘‘ctg’’ p is used which is 
equivalent to ‘‘ctn’’ p in American usage. In succeeding equations, 
“tg” is equivalent to ‘‘tan;’’ arcsin {—} is the same as sin-! {—}, 
etc, 
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may be reduced. A number of problems of the theory of a soil? 
will be examined, including the retaining wall, the stability 
of slopes and grounds under foundations, and the pressure of 
the ground between parallel walls. 

As an illustration let us consider the Prandtl-Reissner general- 
ized problem of a soil with a horizontal boundary which is taken 
as the z-axis. Determine the minimum normal stresses q along 
the negative z-axis so that the soil is in a limiting equilibrium 
under the action of the stresses o, = p(x) and 7,, = t(x), which 
are given along the positive z-axis. Fig. 5 represents the distri- 


Fic.5 Stip PLANES AND STRESSES IN A Sort SUBJECTED TO NORMAL 
AND SHEARING LOADS 


bution of the characteristics (lines of slip) and the distribution of 
stresses along the negative z-axis. The determination of the 
net of characteristics and of the state of stress in the domains 
OAB, OBC, and OBD raises the Cauchy, Riemann, and mixed 
problems, respectively, for the canonic system of equations in the 
auxiliary plane of the characteristics. The solution in the do- 
main OBC has the singular point O. The sought load qp at the 
point O can be expressed in closed form (for k = 0) 
Sin p 

cos? [1 + cos p+ tg? p tg? 


e p 
where 
tg = to/po, Po = p(O), to = tO) 


The problem of the stability of the slope may be taken as 
another illustration of the foregoing. Let the normal pressure 
along the positive z-axis be given; find the form of the surface 
slope for a state of limiting equilibrium of a soil, 

Fig. 6 shows the distribution of the characteristics and the 
form of the curve’ bounding the slope. The state of stress in the 
domain OAB is given in closed form: where the characteristics 
(lines of slip) are two families of parallel straight lines. The 
determination of the net of characteristics and of the state of 
stress in the domains OBC and OBD raises the Riemann and 
mixed problems, respectively, for the canonic system of equations 
in the auxiliary plane of the characteristics. The solution in the 
domain OBC has the singular point O. Incidentally, the slope of 
the curve at the point O may be given in finite form. 

For the case of a soil with ideal coh@sion p = 0, the foregoing 
problem may be solved in finite form. The slope profile is given 
by the formula 


7 Of course it is supposed that the volume forces (weight of soil) 
are taken into consideration. 

8 For this problem, the line of repose appears to be similar to 4 
straight line, but usually it has sufficiently large curvature. 


| 
| 
| 
| | 
| 
77 HY 
| 
& P Y 
= 2k 2k 
> 


on 


t 
f 


SOKOLOVSKY—THEORY OF PLASTICITY—AN OUTLINE OF WORK DONE IN RUSSIA 


Fig.6 PLANESIN A SLOPING SOIL SUBJECTED TO NORMAL Loapbs 
ON PLATEAU 


where y is the weight per unit of volume. 

A new problem (19) has been submitted for a limiting equilib- 
rium of an anisotropic stratified medium, whose angle of inter- 
nal friction ? and coefficient of cohesion & over the horizontal 
planes y = const are less than the angle of internal friction p and 
the coefficient of cohesion k over other planes 


p<ok<k 


The conditions of limiting equilibrium of a stratified soil may 
be expressed by the following equations 


(¢, — oy)? = sin? p + o, + 2k ctg p)?... [5] 
when 
So, tep +k 
and 
when 


(o, — o,)? + 417,,? S sin? p (o, + a, + 2k ctg p)? 


Equation [5] coincides with the condition of the limiting 
equilibrium for an isotropic medium, while Equation [6] is 
valid for an isotropic stratified medium. 

Employing these equations, various problems of the limiting 
equilibrium of a stratified medium may be solved. 

_In considering, for example, the Prandtl generalized problem, 
three zones must be distinguished in the soil. In these zones the 
limiting equilibrium is described by Equations [5] and [6]. 
The boundary between these zones is sought and must be deter- 
mined in the process of the solution of the problem. For the 
sake of brevity, we shall limit ourselves to presenting the finite 
formula for the value go at the point 


0 (when k = k = 0,t = 0) 


’ 


(1 — sin p) [cos sin? p sin? 


(1 + sin p) [cos pt V/ sin? p — sin? al 


sin p 


{— 2tg p arcsin 
e sin p 
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Po q is the value of the discontinuous drop of the normal 
boundary stresses at the point 0. « 

The comparison of this formula with the corresponding for- 
mula for the isotropic medium p = p shows that the magnitude qo 
for the stratified medium is larger than the corresponding mag- 
nitude for the isotropie medium, which is also obvious from 
physical considerations. 

Further applications of methods developed in the theory of 
soils to plastic states of plane strain make it possible to consider a 
number of problems raised by H. Hencky and L. Prandtl. 

As an illustration, we shall give a simple finite formula which 
occurs in the problem of driving a rough-surfaced circular punch 
of radius a into a plastic body (the maximum force of friction 
being constant and equal to r). The value of the foree P is re- 
lated to the angle y by the formulas, Fig. 7 


Fig. 7 INDENTATION OF PLastic Bopy By CircULAR PUNCH 


for 2y < aresin ¢ 
P 


- = 2 (4 + 2) sin y 
ka 


for 2y > aresin t 


> 


i = 2(r + 2) sin y, + 2 (sin y — sin y,) ( + 1 + aresint 
ca 


+V1- 4 (ysin y — sin y, + cos y — cos 
+ 2t (cos y, — cos +) 


where 


2 7, =aresiné, t = 


ris 


More complex problems may also be solved, for example, 
compression of a plastic strip of finite length between two rough- 
surfaced parallel plates.° 

The important problem of the rolling of metals was raised by 
Th. von Karman and further investigated by A. Nadai. The 
problem was further developed in Russia by C. Shevchenko, who 
considered this problem as a plane problem of the theory of 
plasticity. He found the distribution of the stresses through- 
out the thickness of the strip. 

A few words may be said in conclusion concerning the axially 
symmetric problem investigated by A. Ishlinsky. It is known 
that the axially symmetric problem becomes statically determin- 
able after assuming that not a condition of plasticity is consid- 
ered according to Saint Venant or Mises, but a “completely 
plastic” body is postulated, according to Haar and von Karman, 
in which the two principal shearing stresses in every point are 
equal to the constant of plasticity. 


® Prandtl solved the same problem for strips of infinite length. 
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This problem was first considered by Hencky. A detailed in- 
vestigation of the equations was carried out by A. Ishlinsky (10), 
who solved the problem of driving a ball into a plastic body 
(Brinell hardness test). The ratio between o, and Hg, has the 
order 


& 0.38 


(c, = yield stress for compression, Hz = Brinell hardness.) 
Experimental results obtained in driving steel balls into zinc 
and lead gave 


— & 0.34 — 0.36 
Hz 


Puastic STaTES OF PLANE STRESS 


The starting point for the theory of the plastic states of plane 
stress may be either the Saint Venant or the Mises theory of 
plasticity. We shall consider both of these theories, investi- 
gated by the author (22, 23). 

The Saint Venant condition of plasticity assumes that the 
maximum shearing stress is constant 


= 5 


For a state of piane stress (co; = 0) this condition is presented 
in two forms, depending on the signs of the two principal 
stresses 01, ¢2 which are not equal to zero. 

If o; and oz have different signs, i.e., 10. 0, the maximum 


shearing stress acts in planes parallel to the z-axis, and 


_ 


|r |max = = |o1 — o2| 


2 

If o; and o2 have the same signs, i.e., o102 > 0, the maximum 
shearing stress acts in planes inclined to the z-axis at angles 7/4 
and 


1 


In terms of the components of stress ¢,, o,, 7,,, these condi- 
tions of plasticity may be presented in the form of the following 


equations 


for 
Cts S 
and 
Cig Tag? = 6, (\o, + o, | [8] 
for 
=> Try" 
where 


k =a,/2 


The first of these equations coincides with the condition of 
plasticity for the state of plane strain (strain e, = 0), while the 
second occurs only for a state of plane stress (o3 = 0). 

The Huber-Mises condition of plasticity substitutes for the 
two conditions Equations [7] and [8], one equation 
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The equations of equilibrium 


must also be satisfied. 

We note that the system of Equations [7] and [10], if the con- 
stant is taken equal to k = o,/V 3, coincides with the system of 
equations describing the plastic state of plane strain, according 
to the Mises theory. Consequently, a case of plane stress of 
Saint Venant is identical with a case of plane strain of Mises, 
provided that 


0,0, < Tz? and k = o,/V3 


The system of Equations [8] and [10] may be integrated in 
finite form. The integrals contain two arbitrary functions. 
The characteristics are a family of straight lines in the z, y-plane. 

The system of Equations [9] and [10] may belong either to the 
hyperbolic or to the elliptic type, depending upon the character 
of the state of stress. 

When these equations are of the hyperbolic type, they have 
two families of characteristics intersecting at variable angles. 
Equations [9] and [10], in the domain where they are hyperbolic, 
may be reduced to a system of two linear equations, canonic 
equations (if both families of characteristics are curvilinear), or 
permit of integrals with an arbitrary function (if one of the 
families of characteristics consists of straight lines). 

Our first illustration (23) is the problem of a plate with an 
aperture, along whose contour distributed stresses are applied, 
the plate being stretched by distributed forces at infinity. This 
problem may be solved either according to the Saint Venant or 
the Mises theory of plasticity. 

In the particular case of a circular hole of radius a with an 
axially symmetric distribution of stresses, the solution of the 
problem can be obtained in finite form. 

As an illustration, Fig. 8 shows the pattern of the characteris- 
tic curves, constructed according to the theory of Saint Venant 
for an inner pressure (¢,< 0). The plastic ring domains a < r < ¢ 
and ¢ <r < © are zones in which the systems of Equations [7], 


‘0 Roughly speaking, Equations [9] and [10], in the domain where 
they are hyperbolic, correspond to Equations [7] and [10], and in 
the domain where they are elliptic to Equations [8] and [10]. 


Fie. 8 Sxiip-Line PatrerRn IN INFINITE PLate CrircuLak 
(Saint Venant theory of plasticity.) 
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[10], and [8], [10] hold, respectively. The boundary between 
these zones is a circle of radius c. 

Fig. 9 shows the form of the characteristic curves constructed 
according to the Mises theory," also for the same value of the 


Fie. 9 Sutp-Laine PatTerRNn iN INFINITE PLate With CrrcuLaR 
(Mises theory of plasticity.) 


pressure, o, < 0. The plastic ring domains a < r < c* and 
c*<r< © are hyperbolic and elliptic zones for the system, Equa- 
tions [8] and [10], respectively. The boundary between these 
zones is a circle of radius c*. 

Fig. 10 shows the case where internal pressure is absent ¢, = 0. 
The solid lines show the distribution of stresses according to the 
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CHARACTERISTICS 


Fic. 10 Srress DistriBuTion IN INFINITE PLATE CiRcULAR 


theory of Saint Venant, while the broken lines show the dis- 
tribution of stresses according to the theory of Mises. 

The states mentioned require uniformly distributed stresses 
of equal intensity in all directions 


0, = 09 = 4, 
at infinity. 
) In the general case of an arbitrary noncircular aperture, the 
problem may also be solved. 


11 The solution of this problem according to the Mises theory of 
plasticity belongs to A. Nadai. 


Fig. 11 illustrates two regions of the characteristics outside an 
elliptic aperture, along the contour of which a uniformly distrib- 
uted normal pressure is applied o, < 0, 7, = 0, the calcula- 
tion being made according to the theory of plasticity of Saint 
Venant. 


KR 


Fig. 11 Sup-Line IN INFINITE PLATE WiTH ELLIPTICAL 


(Saint Venant theory of plasticity.) 
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Fig. 12) Srress DistrRiBuTION IN INFINITE PLATE WITH ELLIPTICAL 
HoLe 


It will readily be seen that near the elliptic aperture the state 
of stress is described by Equations [7] and [10]; while at a distance 
from it, it is defined by Equations [8] and [10]. The net of the 
characteristics and the stress components near the aperture, 
where the characteristics are two families of curves, were deter- 
mined by the Christianovich method. The net of the char- 
acteristics and the stress components at a distance from the 
aperture, where the former ones consist of straight lines, may be 
determined by defining the arbitrary function of the correspond- 
ing integrals (the solution may be given in finite form). The con- 
ditions of continuity of all the components of stress make it 
possible to determine the boundary curve between the two 
zones, 

Fig. 12 illustrates the case of absence of internal pressure 
7, = ™%, = 0. The characteristics are normal to the contour, 
and the problem may be solved in finite form. The following 
formulas for the stresses along the z-axis and y-axis are given as 
illustrations: 
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b2 
oy = = 0 


and along the y-axis 


a? ) 
a®—b?+b|y|/’ Tz, = 0 


where a and b are the semiaxes of the elliptical contour. 
The foregoing distribution of stress requires the uniform 
stresses 


6, 


Ty 


at infinity. 

As a second illustration (23), we may mention the problem 
of the distribution of stresses in a strip of material drawn through 
a fixed rigid die; the angle between the inclined sides of the die is 
equal to 2y. The maximum force of friction between the die and 
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the plastic strip is assumed to be constant and equal to r. It 
is assumed that at the narrow end of the die cross section, z = 0 


= p=const, = 0, o, < oz 


Incidentally, any other assumption might have been made as 
to the distribution of stresses o, over the cross section z = 0. 
This would have significance only at the narrow butt end of the 
die. Therefore, in solving the problem according to the Saint 
Venant theory, the interesting closed solution for a wedge sug- 
gested by A. Nadai may also be employed. 

Figs. 13 and 14 show the pattern of the characteristics in the 
plastic strip and the distribution of the pressures along the con- 
tact line, which are determined according to the theories of 
Saint Venant and Mises. The net of characteristics and stress 
components in the domains ABC, CDEF, .... where one of the 
families of characteristics is composed of straight lines, may be 
determined by defining the arbitrary functions of the corre- 
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Fig. 13 PATTERN FOR STRIP IN WEDGE-SHAPED DIE 
(Saint Venant theory of plasticity.) 


Fie. 14 Surip-Line PATTERN FOR STRIP IN WEDGE-SHAPED DIE 
(Mises theory of plasticity.) 
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sponding integrals for the equations of plasticity (the solution is 
obtained in closed form). The net of characteristics and stress 
components in the domains BCD, EFG, .... where both families 
of the characteristics are curvilinear may be determined by solv- 
ing the mixed boundary problems for the corresponding canonic 
equations (the calculation being made according to the approxi- 
mate method of Massot). The drawing stresses p over the 
cross section O-A may be found from the conditions of equilibrium 


pb = —tgy dz + ra 


where a is the length of the die, 2b is the thickness of the strip 
after drawing, vy the angle of inclination of the die, ¢,, the normal 
stress, and r = const the friction along the contact surface. 

It is interesting to note that the net of the characteristic curves 
in the Saint Venant theory does not depend on the parameter p, 
while the net of the characteristics according to the Mises theory 
does depend on p. 

The problem of drawing, according to the Saint Venant theory 
for a state of plane stress (if we will take k = o,/V3), may be 
treated as the same problem, according to the Mises theory for 
astate of plane strain. Therefore, comparison of the results may 
offer a conception of the differences resulting in the investigation 
of an infinitely wide and of a very thin strip. 

The difference between the pressures along the contact lines 
can be seen from a comparison of the solid and the broken pres- 
sure lines in Figs. 13 and 14. 

The solution of the problem of the elastico-plastic torsion of a 
cylindrical bar of an oval cross section, bounded by the contour 


z= [a + b (cos 2a + 2)J|sina, y = —[a + b (cos 2a— 2) Jcos a, 
for b/a '/; 


(where @ is the slope of the contour toward the z-axis; this 
contour approaches an ellipse with semiaxes a + b and a — b) 
was the subject of a previous investigation by the author (18). 

The state of stress in the bar is described by the equation of 
equilibrium 


Ores as 
—E = 
ox oy 
and by the equation 
OTys Ove 2 Ge 
or oy 


in the elastic zone, where @ is the angle of twist per unit of length; 
and by the condition of plasticity 


Tas" Fos = k? 


in the plastic zone. The components of stress and displacement 
are continuous on the boundary between the elastic and plastic 
zones, 

The solution of this problem was obtained in finite form. The 
formula for the torque 7, depending on the angle of twisting, is 


2r 1 9 1 1 
M = k 3 «ums 2 
E ses 2° 25 
V1 + 16 6? 
The formula holds for 


(1 + 8) (1 — 38) 


where 


-“ |e], = b/a 


The well-known forgula for a circular cylindrical bar follows 
from this formula as a particular case, if 8 = 0. 

Fig. 15 shows one quarter of the oval cross section. The 
contour of this oval, shown by the solid line, differs but little from 
the ellipse, shown by the broken line. The distorted surface of 
the initially plane cross section after twisting is represented in 
the figure by means of contour lines, The co-ordinates of these 
curves may be calculated from finite formulas for given axial 
displacements. 
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Fie. 15 Torsion or Bar 


Using complex variables, I. Galin has solved the problem of the 
elastico-plastic torsion of a cylindrical bar having a polygonal 
cross section. As an example, the calculation was carried out in 
detail for a bar of square cross section. 

The shapes of the plastic zones which were obtained by this 
calculation were closely similar to those which were observed by 
the sand-heap torsion analogy of A. Nadai. 
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A Velocity-Modified Temperature for the 
Plastic Flow of Metals 


By C. W. MACGREGOR! anp J. C. FISHER,? CAMBRIDGE, MASS. 


Based on the work of Eyring and others relating to the 
creep problem, a velocity-modified temperature is de- 
veloped for representing by means of a single variable the 
combined effects of strain rate and temperature on the 
stress reaction in a tension specimen. Available data are 
analyzed, indicating that the velocity-modified tempera- 
ture is equally applicable to the tension test conducted at 
both slow and rapid rates and to the creep test. The data 
also indicate that the stress reaction, corresponding to 
tests at very slow and very rapid rates of deformation, may 
be found from tension tests at moderate strain rates and 
appropriately raised or lowered temperatures. 


HE effects of different testing temperatures and true strain 

rates on the stress-strain properties of various metals tested 

in tension have been reported in an earlier paper (1).° 
Most of the previous investigations referred to therein were 
devoted to a study of the influence of temperature and speed of 
testing on the ordinary stress-strain properties as contrasted to 
the true stress-strain values. In addition an over-all rate of strain 
between the heads of the testing machine or over a standard gage 
length was usually employed where rates of strain were measured. 
Since the gage length changes as the specimen deforms and the 
rate of strain varies widely along the axis of the test bar when 
necking occurs, the more commonly used definition of strain rate 
obtained by dividing the rate of head motion by the initial gage 
length ot the specimen entails certain errors. 

This difficulty is overcome by using the true stress-strain 
approach (1, 2) in which the true strain is e = g’ = loge (Ao/A), 
where A, is the original area and A the instantaneous area of the 
cross section of the specimen. The value of ¢ is the actual strain 
at the smallest diamete: of the specimen where it is deforming 


most rapidly. The time derivative of the true strain, = then 


defines the true strain rate. This value can be maintained con- 
stant during any one test by varying the rate of head motion. 
The experiments referred to (1) showed that in the tempera- 
ture range —70 C < T S 665 C and for true strain rates 5 X 10-5 
sec~! s € < 500 X 10~* sec™!, the true stress in a tension specimen 
of S.A.E. 1020 steel depends only on the true strain ¢« and a 


velocity-modified temperature T,, = T (1 — k loge ‘), where 7 
0 
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is the absolute testing temperature, € is the constant true strain 
rate of the test, € is taken as 100 X 10-5 sec~!, and & is a constant. 
The same was found to be true for 8.A.E. 1045 steel and brass 
over smaller temperature ranges. Expressed symbolically then 
S = f(e, Tm). In this manner the stress becomes a function of 
only two variables instead of a function of the three variables e, 
é, and 7’. 

The principal objects of the present paper are to discuss the 
velocity-modified-temperature concept in greater detail and to 
show further evidence of its possible utility over a much wider 
range of strain rates extending from those found in slow creep 
tests to those present in rapid tension tests. In order to accom- 
plish this, pertinent creep and rapid tension-test data available — 
in the literature have been analyzed from the velocity-modified- 
temperature point of view. 


Tue TEMPERATURE 


Based on an absolute reaction-rate approach similar to that 
used in the problem of viscosity, Eyring (3) has developed a 
theory for the velocity of plastic flow as a function of tempera- 
ture and stress. From the same standpoint, an expression for the 
velocity of secondary creep has been developed by Kauzmann 
(4) and has been discussed by Dushman, Dunbar, and Huth- 
steiner (5). At moderate stresses this expression is of the form 


where € is the secondary creep rate, 7’ is the absolute temperature, 


f*(S) is a function of the applied stress, and é, A, and 7, are 
constants. 


Taking natural logarithms of both sides of Equation [1] and 
rearranging, the equation may be written as 


where k = 1/logeA and fo(S) = f*(S)/logeA. Equation [2] 
indicates that the quantity T (1 — k loge be 7) is a function of 
€o 


the applied stress. Conversely, the stress is a function of 


or 


The range of temperatures encountered in investigations of 
secondary creep is usually small, and the ratio Tmax/T'mia is 
often less than 1.3. In contrast to this, the range of creep rates is 
large, and the ratio €max/€min is generally between 100 and 1000. 
When the range of temperatures is small, 7’) can be chosen so that 
T./T =1. Making this approximation, Equation [3] reduces to 
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Equation [4] can be derived also from the relationship 


I*(S) 
€ 


which is an approximation to Equation [1], in a manner similar 
to the derivation of Equation [3] from Equation [1]. 


Fig. 1 shows loge (*) plotted versus 1000/7 for the second- 


ary creep of aluminum and constantan at constant stress from 
the data of Dushman, Dunbar, and Huthsteiner (5). Here 7% 


has the value ‘V TmaxT min. Fig. 1 also includes a plot of loge € 
versus 1000/7 for the same experimental data. These curves are 
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representative of those which may be obtained from the results 
of other carefully controlled measurements of the secondary 
creep rate. Since all of the curves in Fig. 1 are linear within the 
experimental error, and since both methods of plotting give points 
which are very nearly coincident, it may be concluded that 
Equations [1] and [5] are both satisfactory for a discussion of the 
creep data available at the present time. For this reason the 
simpler functional relationships contained in Equations [4] and 
{5] will be employed henceforth in this analysis, although it must 
be kept in mind that for an analysis of future work of a high 
degree of precision it may be desirable to use the relationships 
given in Equations [1] and [3], and for very low stresses an ex- 
pression still more general than Equation [1] may be required 
(4). 

The form of the relationship in Equation [4] can be found by 
considering a series of tests made at the constant strain rate €. 
Equation [4] then reduces to 


S = 


and a plot of S versus testing temperature gives the functional 
form of f for the value of é) chosen. Equation [4] states that the 
stress corresponding to a test at an arbitrary strain rate € and an 
arbitrary temperature 7’ will be the same as for a test at the 


strain rate €) and temperature 7 (1 — k loge 2) The quantity 


T (1 — k loge ‘) is then the value of the temperature abscissa 


at which the stress value corresponding to a test at the strain rate 
€ and temperature 7 must be plotted in order to coincide with the 
stress versus temperature curve for tests at the constant rate €. 

In practice a series of tests is conducted at a number of values 
of €. The curve of S versus 7’, for these tests should be identical 
with the curve of S versus 7' for tests at the particular rate €, 
although it may have happened that none of the tests actually 
proceeded at the rate é. 
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The quantity T (x — k loge - :) has been called the velocity- 


modified temperature and has been designated (1) by the symbol 
Tm. With this notation, Equation [4] takes the form 


According to Equation [7], it should be possible for a given 
choice of € to select a value of k so that when stress is plotted 
versus 7',, 2 smooth curve will result. 

It was suggested (1) that the functional relationship between 
stress and velocity-modified temperature might hold for tension 
tests at arbitrary temperatures and true strain rates as well as 
for secondary creep. Tension tests conducted at constant true 
strain rates showed that at a given strain the stress reaction in 
the specimen depended on the velocity-modified temperature, 
or in general 


From a series of true stress-strain tension tests conducted at 
constant true strain rates over a considerable range of tempera- 
tures, the stress reactions corresponding to a number of strain 
values were determined for several materials (1). Figs. 2 and 3 
show the stress reactions for S.A.E. 1020 steel and for S.A.E. 1045 
steel plotted as functions of the velocity-modified temperature 
for different strain values. Smooth curves were obtained for S 
as a function of 7, at constant strain as predicted by Equation 
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[8]. Each closely grouped set of points in these figures corre- 
sponds to tests conducted at a given temperature. 

For increasing temperatures, the stress reaction in the speci- 
men is found farther to the right along the curve. In each group 
of points corresponding to tests at a given temperature the stress 
reaction is found farther to the right along the curve for decreas- 
ing strain rates. 

As an illustration, for the group of points in Fig. 2 for the 
S.A.E. 1020 steel plotted near 300 K, the point lying to the left 
corresponds to a true strain rate of 500 X 10-5 sec~! and the point 
lying to the right in this group corresponds to 5 X 10-5 sec}, 
while all the points in the group were for the testing temperature 
of 25 C. 

Further examples of the application of the velocity-modified 
temperature 7, to tension-test data are given in Figs. 4 and 5. 
Fig: 4 shows the stress at the maximum load and at a strain of 
0.01 plotted as a function of T,, from data given by Zener and 
Hollomon (6) for a cast steel. In Fig. 4 the over-all strain rates 
over a fixed gage length were of about the same order of magnitude 
as the true strain rates of Figs. 2 and 3, while the temperature 
range —95 C < T < 20 C was smaller. The stress at a strain 
of 0.1 for a mild steel is plotted versus the velocity-modified 
temperature 7’, in Fig. 5, from data reported by Manjoine (7). 
The temperature range was slightly smaller than for Figs. 2 and 
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3, but the strain rates covered a larger range from 9.5 X 1077 
sec! to 0.5 sec™'. Figs. 4 and 5 show essentially the same gen- 
eral utility of the velocity-modified temperature as do Figs. 2 
and 3. 

The qualitative similarity between the effects of increasing 
temperature and decreasing velocity has previously been pointed 
out by Carpenter and Robertson (8). The present results in- 
dicate that the use of the velocity-modified-temperature concept 
makes this relationship a quantitative one for the tension test. 
Points may be obtained on the curve of stress versus velocity- 
modified temperature to the left of a given point either by in- 
creasing the speed or by decreasing the temperature; and points 
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may be obtained to the right of a given point by decreasing the 
speed or increasing the temperature. 


APPLICATION OF VELOCITY-MoDIFIED TEMPERATURE TO CREEP 
TEsTs 


Since the velocity-modified temperature 7, appeared to be 
quite useful in connection with slow and rapid tension tests, its 
application to the creep problem was investigated 

Figs. 6 and 7 are based on creep data reported by Dushman, 
Dunbar, and Huthsteiner (5) for aluminum and an aluminum- 
magnesium alloy. In Fig 6 the stress is plotted as a function of 
the velocity-modified temperature 7',, for the secondary creep of 
aluminum in the temperature range 250 C < T < 400 C and for 
strain rates 5.0 X 10-7 sec™! < € < 2.2 X 10-§ sec™". Fig. 7 
shows the stress reaction versus 7, for the secondary creep of 
an aluminum-magnesium alloy in the temperature range 250 C 
< T < 380C and for strain rates 2.7 X 10-7 sec™! < € < 2.9 X 
10-° see~!. It will be noted that groups of points representing 
tests at different temperatures frequently overlap in these figures 

Referring to Fig. 6, it can be seen that an increase in strain 
rate causes the same effect on the stress reaction as does a de- 
crease in temperature. For example, the point corresponding to a 
test at € = 3.7 X 10-* sec~!, T = 250 C lies to the left of the 
point corresponding to € = 3.5 X 10~-*sec=!, T = 300 C. The 
latter point, in turn, lies to the left of the one corresponding to 

= 2.5 X 10-*sec~!, T = 400 C. In general, points correspond- 
ing to equal values of € are ordered with temperatures increasing 
to the right. Similarly, the point corresponding to a test at € = 
3.7 X 10-6 see!, T = 250 C lies to the left of the point corre- 
sponding to € = 5.0 X 10-7 sec~!, J’ = 250C. In general, points 
corresponding to equal values of 7’ are ordered with velocity in- 
creasing to the left. 

More specifically, consider the point at the stress value 61 
megadynes/cm? obtained by a test carried out at the tempera- 
ture 7’ = 623 K = 350 C and the strain rate € = 2.2 X 10-* sec™!. 
It is evident from Fig. 6 that this same stress value could have 
been obtained with various combinations of strain rate and 
temperature, such as a test at a strain rate € = é& = 1 X 1078 
sec~! and a temperature 7 = 554 K = 281 C, ora test at a strain 
rate of 2.5 X 10~* and a temperature = 573 K = 300 C, 
since all of these temperature-velocity pairs give the same value 
Of 

Although Fig. 6 has been discussed in greater detail, essentially 
the same conclusions may be drawn from Fig. 7 for the creep of 
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an aluminum-magnesium alloy, and from Fig. 8, for a nickel- 
chromium steel. The latter was plotted from creep data reported 
by Norton (9). 

In many creep tests the secondary creep rate is not deter- 
mined and the test is not conducted at a constant true strain 
rate. The most common tests are those conducted at constant 
load (10). These usually do not extend beyond the region of 
primary creep, an initial period of relatively rapid and decreasing 
strain rate. Although such data are not as useful in checking the 
velocity-modified-temperature concept; in order to apply Equa- 
tion [7], formulated for tests at constant true strain rates, to 
tests of this sort it is assumed that the value of € may be taken 


as the average strain rate, as where ¢ is the strain value in question 


and ¢ is the time required to reach that strain. Determining € 
in this way, Equation [7] should be approximately satisfied by 
the results of primary creep tests. 
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Fig. 9 shows stress plotted as a function of 7, for the primary 
creep of low-carbon steel at a plastic strain of 0.001, according to 
data given in reference (10).4 The temperature range was 538 C 
< T <.649 C, and the strain rates were 5.0 X 10-" sec! < € 
< 6.5 X sec™!. 


* Reference 10, pp. 20-21. 


The velocity-modified-temperature concept can also be ap- 
plied approzimately to data such as that given by Tapsell and 
Johnson (11) for tests extending into the tertiary creep range, 
where the strain rate begins to increase with strain. Defining 


again € as the average value 7 stress may be plotted versus 7’, 


for a given strain. Such a curve is shown in Fig. 10 for a forged 
steel at a strain of 0.05. The temperature range here was 472 C 
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< T < 650 C, and the range of strain rates was 1.0 X 10-* sec™! 
< € < 7.7 X 10-*sec~!. The dotted lines in Fig. 10 indicate the 
spread of testing temperatures for points at each stress. 

A tension test of a low-carbon steel made at a constant true 
strain rate of € = 100 X 10~* sec™! lasts approximately 20 min. 
If the stress reaction in creep tests or in high-speed tension tests 
for a given strain is plotted versus 7, for a value of é& = 100 X 
10-5 sec~! the resulting curve may be used to determine the 
temperatures for which tension tests conducted at the constant 
true strain rate € = € will give the same stress reactions as ob- 
served in the creep or high-speed tests. 

In Fig. 11 the data of Manjoine (7), Tapsell and Johnson (11), 
MacGregor and Fisher (1) and the “Creep Data” book (10) are 
plotted with stress as a function of T,, for ég = 100 X 10-5 sec~!. 
The data from these various sources are for different low-carbon 
steels and at different values of strain, as listed in Fig. 11. In spite 
of this, Fig. 11 indicates that tension tests conducted at the con- 
stant true strain rate € = 100 X 10-5 sec! may be used to ob- 
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tain essentially the same stress reactions as were obtained in the 
creep tests reported in the “Creep Data” book (10),‘ if the tests 
are made at temperatures from 1120 K (847 C) to 1420 K (1147 
C), assuming of course that the velocity-mcdified-temperature 
concept holds for the range of velocities in question. Similarly, 
to obtain the same stress reactions as were reported in the creep 
tests of Tapsell and Johnson, tension tests at temperatures from 
935 K (662 C) to 1050 K (777 C) and at a strain rate of € = 100X 
10-* sec-! may be used. In order for this to be true the stress 
reaction must of course be measured at the proper strain for all 
cases where it depends on strain as well as on 7’. 

An obvious inference from the foregoing discussion is that the 
true stress-strain tension test, conducted at constant true strain 


rates, may have some application in the development of a rational - 


short-time creep test, when use is made of the velocity-modified- 
temperature concept. Although there are definite indications of 
the possibility of developing a short-time creep test in this man- 
ner, no final conclusions regarding such an application can be 
reached at this time owing to the fact that so few experimental 
data of the necessary type are available. An experimental pro- 
gram now being undertaken by the authors may serve to throw 
further light on the problem. 


CONCLUSIONS 
The following conclusions may be drawn: 


1 The expression for the velocity of secondary creep at mode- 
rate stresses derived from Eyring’s theory for the velocity of 
plastic flow, 

é 
€o T> 
and its approximation 


— = Ae 


are consistent with the results of secondary-creep measurements, 
within the experimental error of the data reviewed. 

2 The stress reaction in a specimen undergoing secondary 
creep is a function of the velocity-modified temperature 


é 


where T is the absolute testing temperature, € is the true strain 
rate, and € and k are constants. 

3 For large ranges of temperatures and velocities with extreme 
limits of —95C < T < 665 C and 9.5 X 10-7 sec“! € < 0.5 
sec”! the stress reaction in a tension specimen being tested at a 


JOURNAL OF APPLIED MECHANICS 


MARCH, 1946 


constant true strain rate has been shown to depend on the 
velocity-modified temperature and the strain. 

4 The stress reaction in a specimen undergoing primary or 
tertiary creep is an approximate function of the velocity-modified 


temperature and the strain when the value of € is taken to be : 


5 By use of the velocity-modified temperature, there are 
definite indications that the stress reaction corresponding to 
tests at very slow and very rapid rates of deformation may be 
found from tension tests at moderate strain rates and appro- 
priately raised or lowered temperatures. 

6 Further experimentation employing constant true-strain- 
rate tests is necessary in order to determine the full range of 
applicability of the concept of velocity-modified temperature, 
and to discover any refinements in the relationship 


that may prove to be required. 
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Design of Crankpins for Locomotives 


By O. J. HORGER! anv W. I. CANTLEY? 


This progress report presents the results of a fatigue in- 
vestigation made on full-size 9'/:-in-diam crankpins by 
the Association of American Railroads. The primary ob- 
ject of this study was to develop an improved crankpin- 
and-wheel assembly which will alleviate crankpin fatigue 
failures occurring in the wheel-fit portion in service. A 
total of 50 full-size crankpin-and-wheel assemblies were 
tested, using four different types of pins. All pins were of 
plain-carbon steel, normalized and tempered, having a 
carbon content of 0.52 per cent and manganese of 0.80 per 
cent. Large double-ended cantilever-type fatigue ma- 
chines subjected the crankpin-and-wheel assemblies to 
rotating-bending stresses. The fatigue resistance of the 
conventional assembly, against the crankpin breaking off 
in the wheel fit, may be expressed as 100 per cent. The 
other three types of pins gave values of 136, 146, and over 200 
per cent (Table 7). Even with this greatly improved break- 
ing-off strength, shallow fatigue cracks were found to 
initiate in the wheel-fit portion of all four types of pins at 
bending stresses much below what was required to propa- 
gate the cracks to complete fracture. 


INTRODUCTION 


HE Association of American Railroads (A.A.R.) has been 

conducting a program of research covering the fatigue- 

testing of full-size 9!/,-in-diam crankpins since July, 1942. 
Two progress reports’ have been issued to members of A.A.R. 
presenting the results of this investigation up to April, 1944. 
The present paper advances these findings and also notes that 
this investigation is still in progress. 

It is well known that a press fit is a source of extremely high 
stress concentration. Crankpins either in laboratory test or in 
service operation may completely break off inside the wheel fit at 
bending stresses which are only a fraction of the fatigue strength 
of the same material without a press fit.45* For this reason 
mileage limits are usually established as a means of preventing 
service failures of crankpins. 


1 Chief Engineer, Railway Division, The Timken Roller Bearing 
Company, Canton, Ohio. Mem. A.S.M.E. 

2 Mechanical Engineer, Association of American Railroads, Chi- 
ago, Ill. Mem. A.S.M.E. 

3 “Locomotive Crankpin Tests—9!/:-In. Diameter,” First Progress 
Report, March 11, 1943; Second Progress Report, April 4, 1944; 
Office of Mechanical Engineer, Association of American Railroads, 
Chicago, Ill. 

4**Achsbriiche bei Eisenbahnfahrzeugen und ihre Ursachen,’’ by 
R. Kthnel, Stahl und Eisen, vol. 40, 1932, p. 965. 

5 ‘Fatigue of Shafts at Fitted Members With a Related Photo- 
elastic Analysis,’ by R. E. Peterson and A. M. Wahl, JouRNAL oF 
Appirep MEcnuantics, Trans. A.S.M.E., vol. 57, 1935, p. A-1. 

& ‘Locomotive Axle and Wheel Research,”’ by T. V. Buckwalter 
and P. C. Paterson, The Timken Roller Bearing Company, Canton, 
Ohio, 1935. 

Contributed by the Railroad and Applied Mechanics Divisions and 
presented at the Annual Meeting, New York, N. Y., Nov. 26-29, 
1945, of Tae AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until April 10, 1946, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


While crankpins seldom actually break off inside of the wheel 
fit within the service mileage established, it is not uncommon to 
find fatigue cracks in the wheel-fit portion of the pin in various 
stages of crack propagation. Such service failures have been the 
subject of earlier study and two reports have been issued by 
A.A.R.’ The initiation and development of these fatigue cracks 
have been found from laboratory tests to occur at very much 
lower bending stresses than that required to break off the pin. 
This condition is generally too little understood and appreciated.* 
These laboratory tests permit a study of this fatigue-crack initi- 
ation and propagation so that means of improving conditions 
may be determined. 

It is realized that laboratory-test conditions cannot parallel 
service operation. The fatigue-strength values given in this re- 
port, however, permit a relative rating of various types of crank- 
pins as to their fatigue resistance or life expectancy. It would be 
expected that this same order of rating would be reflected from 
service operation, but the percentage difference between the 
various types obtained in service would not necessarily be the 
same as that obtained in laboratory tests. 

Crankpins in service may also develop fatigue failure at one of 
the journal fillets, but the present investigation was confined to a 
study of failures in the wheel-fit portion. 


CRANKPIN FORGINGS 


The steel in the crankpin forgings was made by the acid-oper- 
hearth process. It was poured into big-end-up hot-top ingots of 
the round corrugated type. The ingot weight was about 8000 lb 
and had a mean diameter of approximately 23 in., while the ingot 
proper was 59 in. long. The hot top was approximately 16 in. 
diam X 19 in. long. A pipe-eliminator compound was used on 
the top of the steel in the hot top when pouring was completed to 
aid in reduction of the depth of pipe. 

The ingots were heated to a forging temperature of approxi- 
mately 2050 F, and forged under a steam-hydraulic press to 
blooms approximately 12in.sq. The final blooming temperature 
was generally between 1600 and 1700 F. The blooms were 
allowed to cool to atmospheric temperature and surface defects 
were removed by chipping or scarfing. The blooms were then re- 
heated to a forging temperature of 2050 F for approximately 1 hr 
per in. of thickness, and the pin forgings were made under a steam- 
hydraulic press with the finishing temperature approximately 
1600 F. About 5/, in. stock on each diameter was allowed in the 
rough forging over the rough-machined diameters. The forgings 


7 “Failures and Performance of Main Crank Pins on Steam Leco- 
motives,”’ first progress report, May, 1938; final report, May, 1940, 
Office of Mechanical Engineer, Association of American Railroads, 
Chicago, Ill. This latter report presented service data on 43,468 
steam locomotives for a period of 9 months during which time 1695 
main crankpins were removed and 151 or 9 per cent were found de- 
fective. Of these defective pins, 83 were removed from freight 
locomotives of which 41 per cent showed failure inside the wheel fit, 
and 32 per cent failed flush with the wheel-hub face (which is inter- 
preted as also being in the wheel fit, but failure occurred at the end of 
the fit, rather than in the journal fillet). The remaining 68 pins 
were found defective from passenger locomotives, of which 54 per cent 
showed failure inside the wheel fit, and 18 per cent failed flush with 
the hub face. 

§ Various phases of fatigue failure discussed in ‘‘Locomotive Axle 
Testing,’’ by T. V. Buckwalter, O. J. Horger, and W. C. Sanders, 
Trans. A.S.M.E., vol. 60, 1938, p. 335. 
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TABLE 1 CHEMICAL AND PHYSICAL PROPERT ES FOR CRANKPINS AND WHEEL CENTERS 


| PHYSICAL PROPERTIES CHEMICAL PROPERTIES 
Y.P. la. of | un. | F. | Sul. | Sil. |Chr. | Ni, | Mo. 
: : it — 
CRANK PIN FORGINGS (REPORT:D BY FORGE SHOP ) 
B-8746 1-10 50,500 92,000] 26.0 46.5 250 10030 | 27 
11-16 51,000 92,000] 27.0 48.0 
“ 17-20 51,000 92,000] 27.0 48.0 
27-30 50,500 86,500] 28.0 48.0 
B-8841 | 21-26 51,000 96,500| 25.0 42.0 250 | 2033 1.033 | 
M-104-37,Class A || 48,000 86,000 | 24 38 Min-unless shown ||.40/.55) | .15 258 
PROPERTIES OF REPRESENTATIVE HEATS FROM WHICH 4HEEL CENTER CASTINGS WERE POURED 
* Maximum values 
4830 42,500 &5,000 25.0 270 | .019 |.022 | .44 
4834 42,500 85,500 25.0 of2 | 6025 | 039 
4844 41,000 | &7,500 26.0 | 28 076 | .020 | .023 | .41 
4861 40,000 82,000 27.5 079 | 020 |.023 | .41 
4890 42,500 &7,000 25.0 | 6023 | .023 | .40 
4906 42,500 89,000 25.0 230 1023 | 
4911 39,500 §2,000 26.9 | 023. | 239 
|M=-201-36,Grade B || 38,000 70,000 | 24 36 Min.,unless shown .05* |.06* 
LOCATION ACTUAL CHEMICAL AND PHYSICAL PROPERTIES DETERMINED ON FAILED WHESL CENTSR CASTING NO, C-3 
itudi T 
41,000 | 66,500] 5.5 8.5 | 149 | 17-17-28 
1 44,500 74,250| 17.0 23.0 149 | 
Longitudinal; ¢ | 44,000 73,000 | 10.0 21.4 143 20-19-19 | 
of Specimen 1-1/2) 41,700 73,000} 13.5 26.6 143 | 
from bore 44 ,000 71 5500 16.0 143 | 
Transverse 5 ¢ 48,600 77,500 | 25.5 42.0 149 | 20-23-21] .39 68 | .039 |.022 | .030| .13 015 | .04 
of Specimen 39,000 70,900 9.8 13.4 149 | 
3/8" from bore 41,600 74,800 | 14.0 18.3 149 
Transverse; | 42,000 | 74,500] 15.0 27.6 143 | 22-20-22 
ef Specimen 42,500 71,260 | 12.0 26.4 143 | 
L1-1/2"from bore | 46,400 717,190 23.5 38.1 143 


were normalized and tempered in accordance with A.A.R. 
Specification M-104-37, Class A.* 

The crankpins tested were taken from two different heats of 
steel as indicated in Table 3, there being 38 pins from one heat 
and 12 from another heat. Ladle analysis and physical proper- 
ties are given in Table 1. Additional chemical analysis was 
made from turnings taken from the outer diameter of the wheel 
seat of each crankpin at the time it was prepared for fatigue-test- 
ing. The values obtained were in substantial agreement with the 
ladle analysis given in Table 1, but residual alloys present were 
found to be 0.03 to 0.10 per cent Cr, 0.16 to 0.21 per cent Ni, and 
nil to 0.03 per cent Mo. Also additional physical properties, 
given in Table 2, were determined from the wheel seat of most of 
the crankpins following the fatigue test." 


DESIGN AND PROPERTIES OF WHEEL CENTERS 


The crankpins were mounted and tested in the two following 
different types of wheel centers or disk!* both of which were pur- 


* Manual of Standard and Recommended Practice Asso ‘iation of 
American Railroads, Mechanical Division, Chicago, IIl. 

10These properties were determined on longitudial 0.505-in- 
diam specimens taken at midway radius from prolongutions on the 
end of a forging from each furnace charge. 

11 These properties determined on Izod impact specimens of the 
three-notch type and 0.505-in-diam tensile specimens were machined 
from both longitudinal surface layers and at midway radius 

12 Tt was originally intended to use only the first type of disk, but a 
number of fatigue failures developed in these disks when the crank- 
pins mounted in them were tested at 16,000 psi and above. For this 
reason, the spoke-type disk was generally used when testing pins at 
16,000 psi and above, but not below 16,000 psi, with the exception of 
pin No. 6R tested at 10,500 psi. These spoke wheels were ones which 
were already cast for other test purposes and so were immediately 
available. The use of the two types of disks is not believed to influ- 
ence the comparative value of the fatigue results on the four types of 
pins investigated. 


TABLE 2 SUMMARY OF Payee PROPERTIES OF CRANK 


, Heat No. E-8747 E-884) 
No. Crank Pin Seats Investigated | 10 | 2 
Location of Snecimens Surface kidw. Surface dwa 
Witimate Strength, psi Wax. T 90,500 
Ave 91,300 91,200 |} 95,900 95,000 | 
Min. . 84,000 84,500 95 ,000 94,500 | 
| 
Yield Point Strength,psi Max. y 56,400 53,400 53,000 ! 48,000 
av. {i 49,600 47,600 || 50,200 | 46,700 | 
Vin. 41,300 37,500 47,500 | 45,000 | 
’ Elongation in 2", $ Max. 29.0 28.0 24.0 23.5 
' AVe 2609 25.8 24.0 23.2 
: Kin. 22.0 23.0 24.0 23.0 
| Reduction of Area, ¢ Max. | 56.2 54.8 47.9 43.9 
AYVe 49.8 47.9 46.2 42.5 
| Min. 43.2 41.6 44,6 41.4 
120d, Fte Lbs. Max. 26.0 25.0 21.5 19.0 
Ave 20.0 18.0 19.2 17.1 
| Min. 14,0 9.0 18.0 15.0 
| Tensile Brinell Max. 197 197 187 187 
Av. 179 178 185 186 
| Min. a) x 163 183 183 
| Cross Section Brinell hax. 205 192 187 187 
Ave 168 183 187 187 
| uins || 179 170 187 187 


chased to A.A.R. Specification M-201-36, Grade B, for steel 
castings:* (1) Double-plate type of disk, Fig. 1; (2) spoke 
type of disk, Fig. 2. 

To simulate the influence of the large mass of metal on the axle 
side of a wheel center, as the pin is applied on a locomotive, a 
solid counterweight was cast on the test disks as shown in Fig. 
1.33 


13 This counterweight was balanced by filling the diametrically 
opposite pockets of the disk with lead. This balancing was done 
before the disk was mounted on the crankpin and required accurate 
balancing in order to rotate at 1500 rpm in the test machine without 
vibration. 
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Fie. 1 Dovusie-PLatre Disk REPRESENTING WHEEL CENTER 


Chemical and physical properties of the double-plate-type disk 
are given in Table 1, as furnished by the foundry. Brinell- 
impact-meter readings made on the hub face of these wheels 
ranged between 149 and 164 Bhn, and these hardness readings 
agreed closely with those obtained on some of the same castings 
using the regular Brinell hardness tester. Table 1 also shows 
comparable data obtained from tensile and impact tests and 
chemical analysis on specimens from one of these disks which 
developed fatigue failure. The ductility characteristics found 
are much lower than those required by the specification. It is not 
unusual to find that specimens cut from actual castings give 
lower values than required by the specification, which is based 
on specimens taken from prolongations attached to the casting. 

The spoke wheels available happened to have a nominal bore of 
11'/,in.; therefore a cast-steel bushing to the same specification 
as the cast disks was press-fitted about 0.015 in. tight into the 
bore of these wheels. The bushing was then bored out to receive 
the crankpin, leaving a nominal 7/,-in-thick wall section. Brin- 
ell-impact-meter readings made on these bushings usually gave 149 
Bhn, although a few values of 137 Bhn were obtained. 


CRANKPIN-AND-WHEEL ASSEMBLIES INVESTIGATED 


Four different crankpin conditions were investigated,'* con- 
sisting of two crankpin designs and two surface treatments, as 
indicated in Fig. 12. These may be described as follows: 


Type 1 A straight cylindrical pin pressed into a wheel cen- 
ter having a straight cylindrical bore. 

Type 2 Identical to type 1, except outer end of crankpin 
wheel seat was tapered 0.008 in. on diameter for a distance inside 
the wheel fit of 11/, in. 

Type 3 Identical to type 1, except wheel-fit portion of crank- 
pin was cold-rolled. 

Type 4 Identical to type 1 except wheel-seat portion of 
crankpin was flame-hardened. 


All types of crankpins were prepared for test from 10 to 101/,- 
in-diam rough-turned forgings which were approximately 1/; in. 
to */, in. larger in diameter than the finished diameter at which 


14 Tn all cases the design of pin was such that the wheel-seat diame- 
ter was the same as the diameter of the main side-rod journal. 
This shape was used because (a) this design already exists on some 
locomotives where the factors of cylinder stroke, wheel-hub sections, 
and journal-bearing pressure present certain design limitations, and 
(b) it would have less fatigue resistance than a pin in which the 
wheel seat was connected by an ample transition radius to a smaller 
diameter at the main side-rod journal portion. For these reasons, 
the least favorable design condition at the wheel seat was first in- 
vestigated. 
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they were tested. The pins were rough-turned in one cut to 
about 95/, in. diam, and a second cut was taken about !/j, in. 
deep. Then finish cuts were taken about 1/4 in. deep with the 
lathe operating at 45 rpm and a feed of !/, in. per revolution. 
The finish cut was made with a broad-nosed tool having a contour 
radius of approximately 3 in. and produced a very good quality of 
turned finish. 

Wheel bores for all designs of crankpins were bored with a 
straight cylindrical hole having a '/3-in. radius at each end of the 
bore. The finish cut in the wheel bore was made with a broad- 
nosed tool similar to that used on the crankpin, and the depth of 
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the cut was about 0.003 in. with the boring mill operating 15 
rpm and a feed of !/s in. per revolution. 

All wheel centers were pressed onto the crankpins using the 
A.A.R. recommended lubricant® mixed in the proportions of 12 lb 
of white lead to 1 gal of boiled linseed oil. A summary of the fit 
allowance and mounting tonnage is plotted in Fig. 3, for all 
types of pins. 


Type 3 Pins—SurFACE-ROLLED 


Type 3 pins were given a good smooth-turned finish at the 
fitted portion as just described and then surface-cold-rolled in a 
lathe, as shown in Fig. 4. The rolling device, illustrated in Fig. 5, 


Fie. 4 or WHEEL-FiIT PorTION or 
CRANKPIN IN A LATHE 


is equipped with three 10-in-diam rollers, the top roller having a 
contour radius of 5 in., and the two bottom rollers having a con- 
tour radius of 1!/, in. The 1'/;-in-radius contour rollers give 
some penetration or thickness of cold-worked layer of metal, while 
the 5-in-radius contour roller tends to give the surface a good 
smooth finish suitable for mounting a press-fitted wheel. 

The rolling procedure was to rotate the pin on lathe centers at 
28 rpm and move the rolling device along the crankpin length 
with a feed of 1/32 in. per revolution of the pin. The roller pres- 
sure was applied along the length of the crankpin wheel-seat sur- 
face, as shown in Fig. 6, where the inner and last 4-in. length of 
the crankpin fit was left about '/3: in. oversize. After the rolling 
operation was completed, this 4-in. length was remachined'* to the 


16 This procedure permits the removal of any irregularities of sur- 
face finish which may be caused at the time the rolling pressure is 
being decreased. It also provides a pin length of 4in. which has been 
turned and 3 in. of rolled surface for engagement in the wheel fit. As 
an alternative method, the pin is ground after rolling, removing not 
over 0.010 in. on the diameter, but this method was not tested in 
fatigue and it is not known if the fatigue resistance is decreased by 
removal of this rolled surface skin. 
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Fic. 6 D1AGRAM FOR CRANKPIN WHEEL Seats, Type 3 


same diameter as the pin at the section where it was rolled at full 
pressure. 

The reduction in pin diameter due to rolling varied between 
0.0013 in. on some wheel seats to 0.0028 in. on others. A highly 
polished finish was obtained from rolling. Following the rolling 
and machining operation, the wheel was mounted on the crank- 
pin, using the A.A.R. white lead and linseed oil mixture. 


Type 4 PiIns—FLAME-HARDENED 


Crankpins were flame-hardened in a vertical position"* while 
rotating at 260-rpm, as shown in Fig. 7. Before preparing fatigue 
specimens, four different case depths were investigated by flame- 
hardening 9'/:-in. rounds. The speed of the lead screw was 


16 A circular gas head and water quench ring assembly surrounded 
the pin, which moved vertically along the axis of the pin by means of a 
motor-driven lead screw. A series of twenty flame heads, with seven 


‘tips (No. 56 drill size) per head, constituted the heating ring. A 


special water-quenching ring 10!/2 in. diam was mounted directly 
below the heating head. 
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Metuop or FLAME-HARDENING WHEEL-Fi1T PoRTION OF 
CRANKPINS 


Fia. 7 


changed to give four different flame speeds which resulted in the 
hardness gradients shown in Fig. 8. Some softening may take 
place at the surface, but this soft layer is ground off before the 
wheel is mounted. 

Two separate groups of crankpins were flame-hardened for 
fatigue tests. In the first group, eight crankpin wheel seats were 
flame-hardened so as to obtain a case depth of approximately '/, 
in., using a flame speed of 28/,in. per min. The wheel seats of all 
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pins were magnafluxed after flame-hardening and before grinding 
to determine if thermal cracks had developed on the surface dur- 
ing flame treatment. All wheel seats were found to be cracked. 
Considerable difficulty was encountered in grinding the wheel 
seats as these thermal cracks progressed deeper with the grinding. 
It was necessary to remove 0.071 to 0.108 in: stock from the 
diameter of each wheel seat to eliminate all traces of the thermal 
cracks. 

It was believed that the thermal cracks found on the first group 
of pins could be eliminated by using a modified flame-hardening 
procedure,’ so six additional crankpin wheel seats were flame- 
hardened. The flame speed was increased from 2*/, ipm used 
on the first group to 3'/s ipm on the second group of crankpins. 
The gas consumption was 0.25 cu ft per sq in. of pin surface 
which compares with 0.35 obtained on the first group. Both 
groups of pins were stress-relieved after hardening for 8 hr in an 
oil bath heated to 400 F. The surface hardness on the wheel fit 
ranged from 66 to 70 scleroscope on the first group of eight, as 
compared with 72 on the second group of six wheel seats. This 
hardness generally increased appreciably after the soft skin had 
been removed in the grinding operation. 

This second group of pins were magnafluxed after flame-harden- 
ing, and all wheel seats were found to be cracked, but not as 
severely as those of the first group of flame-hardened pins. Four 
of these wheel seats were ground before fitting to wheels and the 
other two were not ground before mounting the wheels. On 
this second group, it was necessary to remove only 0.038 to 0.040 


17 The thermal cracks which developed in the first group of crank- 
pins were tentatively attributed to the cold quenching water used, so 
that the quench water was heated to approximately 85 F, for the 
second group. It was also believed that a case of less depth would 
require less surface heating and reduce the tendency to develop 
thermal cracks. 

18 The wheel seats on both ends of crankpin No. 4 were not cracked 
tn the region of the outside hub face, but only in the region of the in- 
side hub face. Crankpin No. 4 was therefore selected to be used 
for test where the wheel seat was not ground. 
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in. stock on the diameter. Magnaflux examination after grinding 
indicated that all quench cracks had been removed from the 
critical section of the four wheel seats.'® 


MetuHop or TESTING 


A typical wheel-and-crankpin assembly ready for fatigue test 
is shown in Fig. 9. The machine in which these pins were tested 
is illustrated in Fig. 10. The crankpin is tested as a rotating 


cantilever beam,” as shown diagrammatically in Fig. 11. The _ 


wheel mounted on the crankpin is bolted at the rim to a flanged 
head located on either end of the main spindle of the testing 
machine. A constant spring load is applied on the end of the 
crankpin opposite the end on which the wheel is mounted. 
After one wheel seat is tested on the long crankpin”! the pin is 


19 There was still some indication of thermal cracks at the inside 
and unstressed end of the wheel fit, but inasmuch as they were well 
away from the test section they were allowed to remain. A thermal 
crack found in the region of the test section of wheel seat No. 8R was 
outside the wheel fit and on this account was not removed. After 
the completion of the fatigue test on this pin, the depth of the crack 
had not increased, as determined from a micrographic study. 

2 See reference 3, First Progress Report, p.26. The A.A.R.recom- 
mended design practice is 16,000 psi allowable stress for main crank- 
pins but crankpins on locomotives are not subjected to a complete 
stress reversal. It is recognized that these laboratory tests impose a 
complete stress reversal and give a much lower endurance limit 
than would be obtained if the pins were subjected to the stress range 
of actual service operation which varies from about zero to a maxi- 
mum stress value. Abnormal stresses from locomotive operation are 
also discussed. This divergence between road operation and labora- 
tory testing should not influence the value of comparative data pre- 
sented here. Also see ‘‘The Design of Railway Axles and Crank- 
pins,” by R. Eksergian, Trans. A.S.M.E., vol. 60, 1938, p. 153. 

31 See reference 3, First Progress Report,p.5, for reasons that crank- 
pins for test purposes were longer than those used in service. This 
length influences direct shearing stresses but they do not usually ex- 
ceed 2000 psi. Such stresses are small compared with the bending and 
press-fit stresses in the pin and should have little or no influence of 
praétical importance on the value of these comparative tests. 
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in comparison with tests made on the other types. Only two 


type 2 crankpins broke off in the wheel fit; these occurred at - 


16,000 and 19,000 psi bending stress after 20,800 and 14,850 
equivalent miles (5,840,000 and 4,160,000 revolutions), respec- 
tively. Tests made at the lowest stress level of 5000 psi de- 


Fie. 12 S-N Curves ror Four Types or CRANKPINS 


veloped fatigue cracks 0.003 in. deep in the wheel fit after an 
equivalent 321,000 miles (90,000,000 revolutions). 
Type 3 Crankpins. Fatigue tests were completed on ten type 
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TABLE 3 A.A.R. FATIGUE TESTS ON VARIOUS TYPES OF 91/:-IN-DIAM LOCOMOTIVE MAIN CRANKPINS? 


BENDING TYPE I TYPE 2 Tre 3 TYPE 4 
STRESS Straight Fit Str.5-3/4"; .008" Taper 1-1/4 Rolled Fit Flame Hardened Fit 
AT REVS. | EQUIV. | CONDITION EQUIV. N REVS.) EQUIV. REVS.|EQUIV. [CONDITION 
OUTSIDE IN MILES OF WHEEL IN MILES |OF WHEEL Im | MILES OF WHEEL IN |MILES |OF HEEL 
HUB FACE]PIN | MILL-} 72" FIT AFTER|PIN| MILL-| 72" FIT AFTER|PIN | MILL4 72° FIT AFTER}PIN|MILL-| 72" FIT AFTER 
psi _|NO, | IONS | WHEELS TEST _|RO,| IONS | WHEELS | TEST 0, | IONS | WHEELS TEST __||NO, | IONS | WHEELS T 
87.3 | 311,000 |Cr. 0.205%/24 [23.4 | 83,700] Broken 
22,000 0.783] 1,393 Broken 17 3.47 12,400/Cr. .052"*/ 6 | 1.84] 6,560) Broken 
9 | 22.9 | 81,600|Cr, .143""]1 4 | 3.23) 11,500] Broken * 
1,000 | 1.14 3,920 Broken | 3R| 4.16] 14,850] Broken | 86.2 | 307,000|Cr. .087"*i 8 |68.7 |245,000] Broken 
22R| 3.16) 11,150) Broken 
24R117.45| 62,200/Cr, .129"=t_ 
13RR} 1.66 5,920] Cr.0.560°§ 28 5.84] 20,800] Broken [30 | 86.8 | 310,000/Cr. .029" #23 {89.0 | 317,500/Cr. .016" 
28R | 2.36 8,420 Broken 8R 188.6 | 316,000/Cr. .062" ¢ 
16,000 ff 7 5.00 17,820 Broken 
7R | 7.74 27,600 Broken 
21 6,67 23,800 Broken 
15,000 16 | 84.7 | 302,000/Cr. .144" 
16R 106.2 | 379,000|Cr. .087" 
27,23 96,750 Broken | 1R| 85.4 | 304,500 /Cr. .068"/117R | 88.7 | 316,000|Cr. .0095 |96.4 | 343,500/Cr. .037° 
13,500 fiir 41,600| Broken | 91.4 | 325,800|cr, .125" 
12.000 19 }87.6 {312,500 | Cr. .1065/19R} 84.3 | 300,000/Cr. .064" 
J 10  1160,500 Broken J10R/ 84.4 | 301,000/Cr, .059" 
10,500 89.0 | 317,500] Cr. .0295726R| 86.1 | 307,000|Cr. .059"927 | 84.4] 301,000/Cr. .004" | 335,500/Cr. .0053" 
4R|84.3 | 300,000/Cr. .090® 
6R/ 88.5 | 315,000/Cr. .014" * 
9,000 § 85.8 | 306,000} Cr. .028"§ 90.0 | 321,000 /Cr. .038"127R | 84.3 | 300,000/Cr. .0018 #23R/84.5 | 301,500) Not Cr. 
21R | 85.5 | 305,000] Cr. .0075]13 | 86.8 | 310,000|cr. .009"130R | 84.8 | 302,000] Not Cr. || Wheel fit of crank pins 4 & 
7,009 20 |91.7 | 327,000/Cr. .005" | 4R not ground, All other 
flame hardened wheel fits 
5,000 | 3 86.7 | 309,000] Cr. .OO45P 90.0 | 321,000 Pin 11R tested with high ground. 
press fit sane as Type 2 


Pins nos. 1 through 20 and 27 through 30 from one heat and pins nos. 21 through 26 from another heat. 


# Indicates spoke wheel - all otners double plate 


* Wheel Failed 


@ Material: Crankpins—A.A.R. Spec. M-104-37, Class A.N.& T.; wheel centers—M-201-36, Grade B. 


Fic. 13 Typrcat Fatigue Fracture IN WHEEL-FiT PorTION oF 
CRANKPIN, TYPES 1 AND 2 
(Note that failure initiated toward axle side of pin.) 


3 crankpins at stress levels from 7000 through 22,000 psi. The 
results and S-N curve are summarized in comparison with other 
types of crankpins in Table 3 and Fig. 12. None of these crank- 
pins broke off during the entire test so that the endurance limit is 
greater than 22,000 psi. Eight of these pins completed their test 
run of 300,000 equivalent miles (85,000,000 revolutions), and two 
pin tests were discontinued at 12,400 and 81,600 equivalent miles 


(3,470,000 and 22,900,000 revolutions), because the wheels in 
which they were mounted developed fatigue failure. While no 
pins broke off even at stresses as high as 22,000 psi, nine of these 
ten pins exhibited fatigue cracks in the wheel-fit portion, as 
determined by magnaflux and micrographic examination made 
after the fatigue test. A typical failure of this kind is illustrated 
in Fig. 14, indicating a band of numerous fatigue cracks having a 
maximum depth of 0.085 in. after 307,000 equivalent miles 
(86,200,000 revolutions) at 19,000 psi. 

Type 4 Crankpins. Results obtained from fatigue tests on 
thirteen flame-hardened pins are shown in Table 4, as well as in 
Table 3 and S-N curve in Fig. 12, where the results are compared 
with those from the other three types of crankpins. A fatigue 
fracture, illustrated in Fig. 15, developed late in life after 245,000 
equivalent miles (68,700,000 revolutions). After opening up the 
crack, it was found to be 5'/; in. deep. On the basis of these data, 
type 4 pin, ground after flame-hardening, has an allowable fatigue 
strength of 16,000 to 18,000 psi against breaking off in the wheel 
fit. 


Discuss10N OF Faticug Tests 


Propagation of Fatigue Cracks. Even after running any of the 
four types of crankpins at bending stresses below the endurance- 
limit value, at which they broke off in the wheel fit, it was found 
that fatigue cracks were present. These cracks were found in the 
pin, just inside the wheel fit, after a fatigue test of 300,000 equiva- 
lent miles (85,000,000 revolutions). In each case the maximum 
depth of the fatigue cracks in every pin was measured as given in 
Table 3. A straight-line relationship appears to exist between 
this crack depth and the bending stress when these values are 
plotted logarithmically as was done in Fig. 16. 

In the case of type 1 pin, for example, the slope portion of the 
curve, Fig. 16, shows a linear relationship up to a stress of 12,000 
psi, at which stress the pin breaks off. The upper portion of 
the curve being a horizontal line indicates that at 12,000 psi the 
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Fic. 14 Fatigue Fatture WHeet-Fir Portion oF Fic. 15 Typrcat Fatigue Fatture IN WHEEL-FiT PorTION oF 


Surrace-Ro.iep Pin, Type 3 FLAME-HARDENED PIn, Type 4 
(Dimension indicates distance that fatigue cracks extend inside wheel fit (Dimension indicates distance that fatigue cranks extend inside wheel fit 
rom the hub face of the wheel.) from the hub face of the wheel.) 


TABLE 4 COMPARISON OF FATIGUE TESTS ON FLAME-HARDENED CRANKPINS 


FLAME SPEED: 2-3/4" per ain. FLAME SPEED: 3-1/8" per min. 
WHEEL FIT GROUND WHEEL FIT GROUND WHEEL FIT NOT GROUND 
WHEEL DATA WHEEL DATA 
Remarks Remarks Remarks 
Bending vs. | Regardi Case Regardi Case Regard Case 
Stress at in |ConditionDepth, Ing Revs. |ConditionDepth, Revs.| ConditionDepth,Insi 
Outside li-jof Wheel |& |Fit Mount- in |of Wheel |& Re Fit | Mount- in jof Wheel | & Fit 
Hub Pace | fin jions After| Surface| on ing after) Surface; onj| ing | Pin|Mill-|Fit after) Surface| on 
psi No. Test HardnesqDia., Tons |/No. jions Test Hardness Dia., Tons No. | ions Test |Hardness| Dia., 
22,000 | 24 | 23.4| Broken+/.200" 210 6 | 1.84] Broken .145" |.0198} 205 4 | 3.23) Broken#} .130" | .0160 
53.5/54 53.5 /54.5 54/55 
R2R | 3.16] Broken+/.165" |.0210| 90 
50/53 0155" 
19,000 6220" 8 | 68.7] Broken? |54/55 |.0195| 125 
24R 117.45) Cr. .129%535/54.5 | 
»200" 
16,000 |89.0 |Cr..016" 64.5/55 }.0113} 87 ||8R |88.6 |Cr..062"t -0195 | 105 
53/535 


13,500 [96.4 |Cr..037" | .205" |.0163| 100 
54.5 


10,500 194.1 |Cr..0053"| .170 |.0150] 105 || 6R (68.5 |Cr. .014"| .125" |.0153/125 | Cr..090"| .125" 10155 
55/55.5 5425/55 


9,000 }23R 84.5 | Not Cr. 20155} 90 


Fine nos. 1 through 20 and 27 through 30 were from one heat and pins nos, 21 through 26 from another heat. 


"Wheel Failed 

#Indicates Spoke Whetl-all others double plate 
Case depth of flame hardened layer was obtained by measurement on 
Macroetch. 


fi 
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* This line believed to apply to Type 4 crank pins 
where best flame hardening conditions are obtained. 
Depth of flame hardened case on type 4 pins 
indicated by figures given at each point. 
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Fie. 16 ComparaTIVE PROPAGATION OF FaTIGUE CRACKS IN CRANKPIN WHEEL SEATS 


fatigue crack becomes infinitely deep, meaning that the pin will 
break off as found in these tests. 

The slope portion of a similar curve drawn for type 2 pins, Fig. 
16, coincides with that drawn for type 1 crankpins, except that the 
upper end of the slope extends toward a higher stress of 16,000 psi 
before the pin breaks off, whereas type 1 pin breaks off at 12,000 
psi. This graphical analysis indicates that the fatigue cracks 
tend to initiate and propagate in both types 1 and 2 crankpins in 
the same manner up to 12,000 psi.?* 

All points showing crack depth for rolled pins, Fig. 16, fall close 
to the line drawn except for one point at 7000 psi. Two crank- 
pins were tested at a stress of 7000 for 300,000 equivalent miles 
(85,000,000 revolutions); one pin was found not cracked, while 
the other had a maximum crack depth of 0.005 in. Even at 
22,000 psi, the fatigue crack was only 0.205 in. deep after an 
equivalent 300,000 miles. At 16,000 psi both types 1 and 2 pins 
broke off after 17,820 to 27,600 equivalent miles, whereas type 3 
pin at the same stress was only cracked 0.016 in. deep after over 
10 times the mileage, or 300,000 equivalent miles. 

The graphic relationship between crack depth and bending 
stress, Fig. 16, indicates considerable scatter for type 4 flame- 
hardened pins. It is believed, however, that the curves for types 
3 and 4 pins would be about the same up to 19,000 psi, assuming 
best flame-hardening conditions. 

A further graphical eomparison may be drawn between the 
ratio of the crack depth of types 1 and 2 pins with type 3, as 
shown in Fig. 17. Here the full-line ratio curves are calculated 
from the curves in Fig. 16, and these ratios are shown on the 
lower horizontal scale; the broken line and the upper horizontal- 
crack-depth scale in Fig. 17 are merely repeated from Fig. 16. 
These studies, Figs. 16, 17, indicate that the fatigue-crack depth 
and its propagation for the rolled pin (type 3) were only a fraction 
of what was found on the unrolled pins (types 1 and 2). There- 
fore type 3 pin offers a means of increasing greatly the factor of 
safety over types 1 and 2 against breaking off in service and/or 


#2 An interesting speculation may be made by extrapolating the 
lower portion of the sloped line as shown by the dotted lines. It 
indicates that at even 3000 psi fatigue cracks 0.0005 in. deep would 
develop. Conclusions based on such extrapolation are dangerous, 
but the curve does help explain the practical findings in service, in 
that fatigue cracks initiate at very low bending stresses. 
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RATIO OF CRACK DEPTH 


Fic.17 Ratio or Fatiaue-Crack DepTH IN Types 1 AND 2 CRANK- 
PINS TO THAT IN TYPE 3 


(Flat horizontal portion of ratio curves indicates infinite crack depth at 
bending stress at which crankpin breaks off in the wheel fit.) 


increasing present safe mileage limits already established on types 
1 and 2 pins, 

The question often arises as to how deep below the surface the 
rolling penetrates, and this was investigated on a typical rolled 
pin No. 27. Photomicrographs were made to detect changes in 
structure in the longitudinal plane of the rolled portion of the 
wheel fit, as shown in Fig. 18. It is apparent that the structure 
at the surface is little, if any, changed from that 5/, in. below the 
surface. This does not mean that changes have not taken place, 
as X-ray examinations made on similar cold-worked pieces have 
indicated structural displacements in the cold-worked layer. A 
hardness survey in Fig. 19 was also made in a longitudinal plane 
through the surface and core layers. The Vickers hardness is in- 
creased from 180 at the surface before rolling to about 230 after 
rolling and drops off in a linear manner to a penetration of about 


. 
4 
i 
; 
q 
3 
pe 
~ 


VICKERS PYRAMID HARDNESS NO -5KG LOAD 


Fic. 18 PHoromicroGRaPH OF SURFACE AND CORE 
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Fic. 19 Harpness GrapIent or Surrace Layer or 
CRANKPIN 


OF CRANKPINS FOR LOCOMOTIVES 


LAYERS OF CRANKPIN AFTER SURFACE-ROLLING; X90 


°/1, in. below the surface to the original hardness of about 180.*4 

It is interesting to note from Table 4 and Fig. 16, that the 
crack depths on the rolled pins (type 3) ranged from 0.005 in. 
deep at 7000-psi stress to 0.205 in. deep at 22,000 psi. This cold- 
worked layer !/; in. deep certainly offers much increased resist- 
ance to the fatigue crack propagating through this layer than the 
pins with the unrolled surface. 

Flame-Hardened Pins of Type 4. There are not sufficient data 
in Tables-3 and 4 from tests on flame-hardened pins to draw 
general conclusions as to the influence on fatigue strength of 
the factors of case depth and whether the pins should or should 
not be ground after flame-hardening. The trend of the results, 
however, does show that the deeper case depths lead to a 
higher endurance-limit value as well as less depth of fatigue 
crack after 300,000 equivalent miles (85,000,000 revolutions) than 
the shallow case. If the pin is not ground after flame-hardening 
and before mounting the wheel, then the fatigue resistance 
seems to be lower than if the wheel seat is ground. 

Photomicrographs and hardness surveys made on pins after 
the fatigue test are shown in Fig. 20, for a flame speed of 31/s ipm, 
and in Fig. 21, of 23/; ipm. 

A number of pins were found to have thermal cracks after 
fatigue-testing which were not detected by magnaflux‘ before 
testing. None of the thermal cracks found showed any evidence 
of having propagated during the fatigue test.25 Fig. 22 shows a 
photomicrograph through a thermal crack found in a highly 
stressed region of pin No. 23 after test. Some of the pins which 
broke off in the fatigue test (Table 4) may have fractured through 


23 Similar micrographic and hardness studies were made on rolled 
sections cut transverse to the axis of the pin but the findings were in 
close agreement with those just given made on the horizontal planes. 

24 Both wet and dry methods were used as discussed in reference 
(3), first report, p. 20, and second report p. 28. High surface residual 
compressive stresses from flame-hardening may press sides of crack 
together and make detection difficult with 3000-ampere a-c unit used 
here. 

26 Such thermal cracks are opened up during the fatigue testing 
and were detected by magnaflux and also by etch examinations of 
longitudinal slices through wheel fit of pin. Thermal cracks follow 
the grain boundaries while fatigue cracks pass through the grains. 
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CHROME. PLATE: 
CRANK PIN 0.D. 


Fic. 22 THERMAL CRACKS ON SURFACE OF FLAME-HARDENED Pins; X75 
(Unetched on left and nital-etched on right where crack follows original grain boundaries.) 


a thermal crack, but there was no means for determining whether 
this was the case. The mere presence of thermal cracks intro- 
duces some doubt as to whether the fatigue values obtained are 
influenced by thermal cracks. Despite these thermal cracks, 
the flame-hardened pins still gave improved fatigue resistance 
over type 1 not flame-hardened. 

While the flame-hardened pins indicated greater fatigue resist- 
ance than exhibited by types 1 and 2, the fatigue values were not 
as high as would be expected” on the basis of earlier fatigue tests 
of press-fitted members presented in Table 5. Very high surface 
residual stresses established in the surface after flame-hardening?’ 
are believed to be associated with the favorable increase in fatigue 
resistance indicated, although it is not possible to separate or 
appraise the influence of the case structure. 


Ro.uep Pins or Type 3 


A review of the literature with respect to the fatigue resistance 


26 Some explanation for this divergence may be (a) case depth or 
relative depth of case to diameter of axle; (b) excessive removal of 
stock ground off the crankpins may leave low residual compressive 
stresses on surface; (c) size effect, and (d) presence of thermal cracks 
on crankpins. All members in Table 5 except 9'!/:-in. pins were 
flame-hardened by spinning method when entire length of hardened 
area was heated and quenched at one time and no thermal crackswere 
detected. Disadvantages of this method are large gas demand and 
quenching large areas. Crankpins were done by progressive spinning 
method so that a relatively short length of wheel fit was heated and 
quenched at one time. This latter method was used on axle wheel 
seats 8 in. diam without thermal cracking, but axles were preheated 
to 200 F before hardening. 

*7““Correlation of Residual Stresses in the Fatigue Strength of 
Axles,” by O. J. Horger and H. R. Neifert, JouRNAL or APPLIED 
Mecuanics, Trans. A.S.M.E., vol. 64, 1942, p. A-85. 


of press-fitted assemblies is shown in Table 6, in comparison with 
the data obtained on crankpins. In all cases the fatigue charac- 
teristics are improved by surface rolling. Presence of surface 
residual compressive stress and /or strain-hardening is responsible 
for this improvement, 
Loss or WHEEL Fir 

The loss of wheel fit due to changes in wheel bore and crankpin 
developed during the fatigue test is given in Fig. 23. In some 
cases all of the original wheel fit near the outside hub face was lost 
during the test due to bellmouthing of the wheel bore and rub- 
bing corrosion; this is particularly noticeable at the high crank- 
pin stresses. In general about one third of this loss of fit takes 
place on the crankpin and two thirds on the wheel center. 


CONCLUSIONS 


A summary of results from all fatigue tests made on the four 
types of crankpins is shown in Table 7. From these data a per- 
centage rating may be assigned to each type of crankpin as to its 
fatigue strength against breaking off (not cracking) in the wheel- 
fit portion as follows: 


Per cent 


28 The presence of rubbing corrosion found on all 50 pins tested was 
accompanied by fatigue cracks with exception of one pin (Type 3, 
No. 30R, at 7000 psi). Some fundamental work was reported on such 
corrosion, ‘‘Investigation of the Fretting Corrosion of Closely Fitted 
Surfaces,” by G. A. Tomlinson, P. L. Thorpe, and H. J. Gough, 
Journal and Proceedings of The Institution of Mechanical Engi- 
neers, vol. 141, 1939, pp. 223-249. 
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TABLE 7 SUMMARY OF FATIGUE TESTS 
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Fic. 23 Compartson Curves SHow1nG Loss or WHEEL Fit, ALL 
TyYPEs 
(Basis of 30,000 equivalent miles.) 


No difficulty was experienced with the preparation of types 1, 
2, and 3 crankpins. Some difficulty was experienced with ther- 
mal cracks developing in the flame-hardening of type 4 pins. 
Caution should be exercised in the application of flame-hardening 
as the procedure followed here was too critical, and fatigue values 
much lower than those given here could be obtained, depending 
on the degree to which thermal cracks are produced in flame- 
hardening and removed by grinding. 

This project is being continued and fatigue tests are now being 
made on quenched and tempered crankpins as well as on pins of 
various designs. 
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On Dimensional Analvsis and the Presenta- 


tion of Data in Fluid-Flow Problems 


By E. R. VAN DRIEST,' CAMBRIDGE, MASS. 


The method and application of dimensional analysis 
are discussed, making use of the fundamental concept of 
function. The x theorem is restated and proved in general 
form. 

Pipe friction, drag of spheres, and flow through Venturi 
meters are examples used to illustrate the rearrangement 
of dimensionless products of a relationship to obtain the 
most convenient form for presentation of data. 


INTRODUCTION 


HROUGH a comprehensive paper published in 1914, 
Ts Buckingham? formally introduced dimensional analysis 

to the scientific world. It wasin this paper that the famous 
theorem, commonly known as the Buckingham 7 theorem, was 
first explicitly stated. Although a concise form of proof of the 
theorem was given, it has not been readily understandable to the 
student of fluid mechanics. Furthermore, the young scientist 
has difficulty in understanding the process of rearrangement of the 
dimensionless products of a relationship to obtain the most 
convenient form for presentation of the data. In an attempt to 
clarify this situation, the present paper was written. 


PuRPOSE OF DIMENSIONAL ANALYSIS 


The principal purpose of dimensional analysis from the engi- 
neering point of view is the arrangement of the variables of a 
physical relation so that, without destroying the generality of the 
relationship, it may be more easily determined experimentally. 
The method is particularly valuable when the number of variables 
is so great (usually four or more) that the data cannot be plotted 
conveniently using a co-ordinate axis for each variable. By 
dimensional analysis it is possible to arrange the variables into a 
lesser number of dimensionless groups which can be represented 
on co-ordinate axes. 

Two or three variables can be plotted as (a) and (b) of Fig. 1, 
while four variables would require repetitions of (b), five would 
require repetitions of graphs for four, etc. The advantage of 
reducing the number of quantities to be plotted is obvious, not 
only because of the simplicity of presentation of the data, but also 
because of the possibility of determining an analytical formula 
for the general function. 


Function ConcEPT AND GROUPING OF VARIABLES 


The variable Q, is said to be a function of the variables Qe, Qs, 
Q.,...Q,, if for some values of Q2, Q3, Qs,...Q, there correspond 
values of Q;. This idea is written symbolically as 


1 Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology. Mem. A.8.M.E. 

2“On Physically Similar Systems: [Illustrations of the Use of 
Dimensional Equations,’ by E. Buckingham, Physical Review, second 
series, vol. 4, 1914, pp. 345-377. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of 
Tue AmerRICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until April 10, 1946, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 


It is absolutely essential to note that this concept is written in 
symbolic form because it does not have to be expressible by an 
analytical formula; indeed a graph is sufficient to indicate the 
relationship. 

Once such a function is established or assumed, then a function 
will still exist even after the variables are intermultiplied in any 
manner whatsoever. For example, taking 


z = f(z, y) 


the following functions will exist 


filzy, y), f.(z, 
or x*y’z = x*y2"), ete. 


The principle of ,dimensional homogeneity will now be intro- 
duced. The principle states that each and every term of a correct 
physical equation must have the same dimensions. Hence if 
Equation [1] is a correct physical relation, and the left-hand side 
is made dimensionless in any manner, the right-hand side must 
also become dimensionless, which means that each variable of the 
right-hand side is combinable with other variables of the equation 
to form a dimensionless product. Thus by the foregoing process 
of intermultiplication, Equation [1] can be written in the non- 
dimensional form as symbolized by 


= o(m2, m3, 


If in any assumed physical relation any Q is not combinable with 
any other Q’s to form a dimensioness product, then that Q cannot 
appear in the original function. In such cases the corresponding 
a in Equation {2} would be zero. This dimensionless grouping is 
therefore a method of eliminating, early, those variables which 
cannot appear in an assumed function. Further, if any x’s of 
Equation [2] are necessarily the same to satisfy the condition of 
dimensional homogeneity, then that is the way in which the Q’s 
forming those x’s must appear in the function. An example of 
this latter case occurs when two length variables appear in a 
function along with other variables that do not contain the 
length dimension; to satisfy the condition of dimensional homo- 
geneity, the two length variables would have to appear as a ratio. 
Such early grouping of the variables is another advantage of the 
use of the principle of dimensional homogeneity. 


Q, Q, 


(4) 


Fig. 1 GrapHIcaL REPRESENTATION OF FUNCTIONS 
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While the two cases of the preceding paragraph show some 
results of the use of dimensional analysis, yet the greatest ad- 
vantage of the method lies in the fact that through its use it is 
not necessary to write out n x’s, one for each variable of the 
original function, but only 7 x’s, where z < n, unless the Q’s are 
all dimensionless, whereupon i = n. Equation {2] then becomes 


n= Ws, Way [3] 


Such a result has obviously great value since by reducing the 
number of x’s in Equation [2], the function may be plotted on a 
reduced number of co-ordinates. 

Tue x THEOREM 

The number of dimensionless groups that are necessary to 
represent Equation [2] completely is of course the number of 
independent #’s that can form, by proper combination, any other 
possible x’s. It will be seen that this number depends upon the 
number of variables involved and the greatest number of vari- 
ables which will not form a dimensionless product. 

Theorem, The number of independent dimensionless products 
isi = n —k, where k is the greatest number of Q’s that will not 
combine to form a dimensionless product, or, in other words, 
where k is the number of Q’s whose units can be used to measure 
all the variables. The number & cannot exceed m, the number of 
fundamental dimensions used to measure the variables in the 
mass, length, time, etc., system. 

The number k cannot exceed m because any greater number of 


‘Q’s than m always will form a dimensionless product. To prove 


this, first write an expression for any using more than m Q’s, 
say, (m + 1) Q’s; thus 


If the dimensions of Q are given by, say 


a 


where pi, Pa, ..-Dm are the fundamental dimensions measuring Q, 
then the dimensional equation for Equation [4] will be 


pi pF... = [x] = 1. .[5] 


Equating the exponents to zero in order to eliminate each p 


results in m equations as follows 


Pir +... + atm + = 0 


Pe: + berg +... + + B2lm+, = 0 


Pm: + +... + mom + = 0 


Since the set of m homogeneous Equations [6] has (m + 1) un- 
knowns, it will yield solutions of z other than zero; it follows that 
any greater number of Q’s than m will always form a dimension- 
less product. 

Proceeding with the proof of the theorem, assume that the 
number k has been determined. Then, in order to form a x con- 
taining (kK + 1) Q’s, there must exist a sufficient number of inde- 
pendent x’s to eliminate, upon combination, the n — (k + 1) = 
n — k — 1 remaining Q’s; furthermore, to form a x containing 
less than (k + 1) Q’s, it will still be necessary to eliminate only 
(n — k — 1) Q’s because the extra Q’s to be eliminated can be 
chosen to be noncombinable with the Q’s forming the particular 
m and hence will automatically disappear. The elimination 
process is shown as follows: The grouping of i independent x’s 
to form a certain x will appear algebraically thus 


whence e 


where the exponents are, of course, different from those of Equa- 
tion [5]. In order to eliminate a Q, the exponents of that Q must 
be made to vanish. Hence when (n — k — 1) Q’s are to dis- 
appear, there will result (n — k — 1) equations as follows, if, 
say, the first (n — k — 1) Q’s are to be eliminated 


Qi: am tbat... + a2; =0 
Qe: + bare +... + = 0 


. [8] 


Now, since Equations [8] are homogeneous in the variables x, 
22, ...2;, solutions other than = = ... = 2; = Owillexist 
provided there are more unknowns than equations. Hence a 
sufficient condition that any z can be formed by 7 independent 
r’s is thatt = n—k. It is to be noted that this elimination 
process is precisely the same as that by which fundamental di- 
mensions were caused to vanish in the formation of a x from a 
set of Q’s. 

In order to complete the proof of the theorem it must also be 
shown that i = n — kis a necessary condition that any z can be 
formed, or in other words, that s independent z’s, where s < 
n — k, can never represent all the possible x’s. To demonstrate 
this, observe that n — k independent x’s can always be found by 
merely taking any set of k Q’s, noncombinable among them- 
selves, and combining them with each of the remaining Q’s in 
turn. Since this set of n — k independent x’s can represent all 
the other possible x’s by the foregoing reasoning, it can of course 
form one of the s x’s. This new one of the s x’s can then be 
substituted for one of the (n — k) z’s that definitely contributed 
to the formation of the new x, thus creating a new set of n — k 
independent x’s. Using this new set of (n — k) x’s, another of the 
s x’s, other than that one already obtained belonging to the s 
set, can be formed and substituted for one of the new set. After 
all of the s x’s are constructed and substituted in succession, it 
is seen that there are still n — k independent x’s, including the 
sx’s. Hence, since the remaining (n — k — 8) x’s are inde- 
pendent of the s x’s, a lesser number of independent z’s than 
n — k can never represent all possible dimensionless products. 

Although it is seen that any 1 = n — k independent r’s will 
represent all possible dimensionless groups that can be formed by 
the variables of a function, the simplest procedure to follow in 
selecting n — k independent z’s is to take a certain set of k Q’s 
that will not form a dimensionless product and combine them 
with each of the remaining Q’s in turn. 

The x theorem is therefore proved in general without any 
assumption as to the form of the original function or the use of 
any complex mathematics. It is to be noted that in the fore- 
going statement of the theorem, n — m is not necessarily the 
number of independent 2’s required to specify a function, since 
more may be needed depending upon the problem at hand. The 
procedure, however, is to see if any m Q’s can be found which 
will not form a dimensionless product, and if all sets of m Q’s 
will form such a product, then to continue down until the greatest 
number is found. 

As arf example, consider the propeller problem where the thrust 
T is assumed to be a function of the axial velocity V, the diameter 
D, the rotational speed N, the density of the fluid p, and the 
viscosity of the fluid x. In symbolic form 


(9) 


The number of fundamental dimensions m involved is three, viz., 


i= 
a 
2 
2 
> 
re 
- 
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mass, length, and time, and three variables can be found which 
will not form a dimensionless quantity; hence n — k = n — m 
= 6 — 3 = 3 independent 7z’s will be necessary to represent the 
function. They may be chosen at random as 


Nu 


, and 


to represent Equation [9] by 


eve 
\ Nu’ pN*D* 
or, systematically, by taking three of the variables, say, p, D, V, 


that will not form a x, and combining them with each of the re- 
maining variables giving 


pV2D” 


to represent Equation [9] by 


It will be of interest to note the number of possible dimensionless 
groups that can be formed by the n variables. The combinations 
of n variables taken k + 1 at a time are given by 


n! 


(k + —k — 


which gives for the propeller example, — 


a ry = 15. Written out, 


these are 
T Tp TN? Tp T V 


VDp V ND% pV? 
’ ’ Nw’ ND 


» ND’ 


The products and a appear more than once so thatthere are 
eleven different ’s available from the six variables. This ex- 
ample shows clearly how the problem of almost hopeless plotting 
of one variable in terms of five variables can be readily reduced to 
that of the plotting of one variable quantity against but two. 

As another illustration, consider the case of a fluid flowing 
through an orifice, and assume that the velocity V depends only 
on the difference in pressure Ap, and the density of the fluid p, 
or 


Now, although the number of fundamental dimensions is three, 
viz., mass, length, and time, the greatest number of variables 
which will not form a dimensionless product is 2. Therefore, 
there will be 3 — 2 = 1 independent x to yield 


pV? . 
(=) 


y2 
and a will be a constant. This is a very simple case where k is 


less than m; it shows the generality of the x theorem as stated. 

Another example of where k is less than m can be found by add- 
ing a compressibility term to the variables of Equation [10]. 
Accordingly 


SilAp, P, E) 
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where £ is the modulus of compressibility of the fluid. Since k = 
2, there will appear 2 independent z’s thus 


V V 
ap 
p p 


THe PuysicaL INTERPRETATION OF DIMENSIONLESS PRODUCTS 


Sometimes it is helpful to attach a physical interpretation’ to 
the dimensionless products of a function. The heat-transfer 
problem lends itself readily to such a treatment and therefore 
will be used as an example: 

Considering the transfer of heat g to or from a liquid of mean 
cross-sectional temperature 6,, flowing in a smooth pipe with wall 


at temperature 6, the film coefficient h = — tA» is found to be a 


m 
function of the diameter D, the mean velocity V the density p, 
the viscosity u, the specific heat c, and the thermal conductivity k, 
or 


h = f(D, V, p, ¢, k) 


There are four fundamental dimensions which describe these 
quantities, viz., mass, length, time, and temperature, and four 
quantities are available which will not form a dimensionless 
product. Hence, 7 — 4 = 3 independent -x’s exist and a set 
can be found easily by choosing D, u, p, and k as basic. There 
follows 


In this equation, 7 called the Nusselt number,—— the Reyn- 


Cu 
olds number, and k the Prandtl number. 


Now the rate of heat transfer by molecular action is given by 


where @ is the mean temperature at a point. Furthermore, the 
heat transfer by turbulent action can be written similarly 


where k’ can be called the turbulence coefficient of thermal con- 
ductivity. Division of Equation [12] by Equation [11] gives 


But gq, can be placed equal to the product of a local heat-transfer 
coefficient h; and the differential temperature dé, thus 


q = hyde 
so that 
k’ = hydy 


and Equation [13] becomes 
hydy 
Ym k 
a local Nusselt number which is a function of the over-all Nusselt 


hD : 
number ; It is therefore seen that the Nusselt number is a 


3“The Analogy Between Fluid Friction and Heat Transfer,”’ by 
Th. von Karman, Trans. A.8.M.E., vol. 61, 1939, pp. 705-710. 


q 
§ 
| 
| 
if 
T VDp V 
pV2D? 
: 
> 
hD VDp cu 
t 
(11) 
Soak. 
dy 
, 
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dimensionless quantity which can be thought of as the ratio of 
turbulent heat transfer to molecular heat transfer. 

The Reynolds number can be interpreted in a similar way by 
first writing for the turbulent shear stress 


where v is the mean velocity, v,’ the transverse-velocity fluctua- 
tion, / the mixing length at a point, and the turbulence-exchange 
coefficient. For molecular shear 


dv d(pv) 
“dy p dy 


a local Reynolds number which is a function of the over-all Reyn- 


olds number — The Reynolds number can therefore be 

thought of as a measure of the ratio of the turbulent momentum 

exchange and an effective molecular momentum exchange. 

The Prandtl number can now be interpreted as connecting the 
momentum and heat transfer due to molecular action. For, 
again 

dv d( pv) 
dy 
and 

de k d(pc) 
k- =- —— 

dy pe dy 


Im k 
The Peclet number is the product of the Reynolds and Prandtl 


numbers, and hence can be thought of as connecting the turbu- 
Jent momentum with the molecular heat exchange, thus 


VDp cu _ ecVD 


Peclet number = = 
m k k 
Tm 
Tm Im 


The foregoing physical interpretations of the various dimen- 
sionless numbers involved in the heat-transfer problem may be 
represented diagrammatically by Fig. 2. 


TURBULENT TURBULENT 
HEAT MOMENTUM 
ra) 
bia 
2|2 
MOLECULAR PRANDOTL | MOLECULAR 
HEAT NUMBER |_ MOMENTUM 


Fie. 2 Puystcat INTERPRETATION OF DIMENSIONLESS NUMBERS 
INVOLVED IN THE HEAT-TRANSFER PROBLEM 


Since the heat-transfer problem is reducible from seven vari- 
ables to three groups of variables, the type of graph shown by (b) 
in Fig. 1 is all that is necessary, for presentation of the data. 

Another interesting engineering problem is that of sediment 
transportation by a liquid flowing in an open channel. The 
solution of this problem has not met with as much success as the 
heat-transfer problem, probably because of the great number of 
variables involved. If the sediment grains are spherical and 
uniform in size, the channel bed saturated with sediment, and the 
channel wide relative to its depth, a concentration coefficient 
ake Mean concentration of sediment flowing Na 


= —— may be 
Concentration of sediment at the bed N, y 


assumed dependent upon the diameter of the sediment D, the fall 
velocity of the sediment n, the mean velocity of flow V, the depth 
of flow d, the density of the fluid p, and the viscosity of the fluid z. 
Hence 

h= f(D, V, d, p, u) 


There are three fundamental dimensions, viz., mass, length, and 
time, and three variables can be found which will not form a 
dimensionless product; hence 7 — 3 = 4 independent z’s exist. 
Choosing d, V, and p as the common variables 


Nw Ve 4 
16] 
[16] 


To plot this function, a set of graphs such as (5) in Fig. 1, should 
be anticipated unless one of the terms of Equation [16] is found to 
have no effect upon the relation. 

Introducing the shear at the bed 70, which is a function of D, V, 
d, p, and yw, there results furthermore 


pV? 


and Equation [16] may be written in the form 
~ dp 
Nm » pd 


Interpreting physically the dimensionless products involved in 


Equation [16a], the term sl ” is a measure of the suspension 
p 


ability of the turbulent fluid since 


T=p)p ~ p V5, V v," ~p v, 2 


so that 


where v,’ and v,’ are the instantaneous velecity fluctuations at a 
point parallel and vertically perpendicular to the mean flow, 
respectively. The third term is a Reynolds number and may be 
interpreted as the ratio of the diameter of a particle of sediment 


| 
dv dv = d(pv) 14] 
T, = pe =p = 2 
dy ve" dy ay 
| The ratio of Equations [14] and [15] is as 
v 
| To d 
To \ p D re 
from which, for the same gradient 
or, by combination of the last two terms tepal 
To 
N \; D 
Pp 
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to the thickness of the laminar layer 6 since 6 ~ ; therefore 


iro 
Ve 
this term may be thought of further as an indication of the expo- 
sure of the sand grains in the bed to the turbulent fluid outside 
the laminar boundary layer. At low flows, the Reynolds number 
will be influential, while at high flows, it will probably disappear 
from the function. The term D/d may be called the relative 
grain-size factor. Indeed, the corresponding terms of Equation 
[16] are expressions for the same physical pictures. 
The element of arbitrariness in the procedures outlined is 
obvious, since other interpretations can often be given to the 
same dimensionless quantities. 


PuysIcaL SIMILARITY 


Another advantage of the method of dimensional analysis is 
that the method allows model studies to be made of physical 
problems so that information may be obtained without knowledge 
of the exact relationship of the variables involved. 

With reference to Equation [3], viz. 


it is seen that if ¢ is held constant, then 7, will be constant and 


(™)m = (m1) p 


where m and p refer to the model and prototype, respectively. 
Now the simplest way to fix the function ¢ is to fix the ’s within 
¢; therefore, if certain information is desired before the construc- 
tion of a large expensive structure, that information may be ob- 
tained by building a model and attempting to hold constant all 
the x’s affecting the w in which one is interested. The word 
“attempting” is used because in most engineering problems such 
complete success is practically impossible. 

When two systems are performing in such a manner that all the 
corresponding dimensionless products are equal, those systems 


FRICTION COEFFICIENTS FOR COMMERCIAL PIPES‘ 


2 
HEAD LOSS DUE TO FRICTION = h 
2 
x * f pv ho 
= 0.002 
0.001 ¢ 
FOR HEAD LOSS 0.0005 
= 0.0002 
iis 0.0001 
SMOOTH 
10 2 5 10 10 2 5 Te) 2 
v 
€ (Feet) 
WROUGHT IRON, STEEL 0.00015 
GALVANIZED IRON 0.0005 
\ CAST IRON 0.00085 
| 0.002 
0.001 
FOR DISCHARGE 0000s 
00002 ° 
0.0001 
SMOOTH 
10" 2 5 io” 2 5 10° 


are said to be physically similar. Such similarity may include 
thermal, dynamic, and geometric similarity as in the case of the 
heat-transfer problem previously cited. 


PRESENTATION OF DATA 


Once a relationship between several variables has been deter- 
mined by the plotting of any set of independent dimensionless 
quantities involving the variables, the idea of function allows one 
to plot graphs corresponding to any other set of independent 
dimensionless products. As a result of such manipulation of 
functions, the solution of many problems by the method of suc- 
cessive approximations can be eliminated.®:*:7.§ The first example 
to be considered will be that of pipe friction. 

It has been found by experiment that in the flow of incom- 
pressible fluids through pipes, the shear 7» at the wall is a function 
of the mean cross-sectional velocity V, the diameter of the pipe D, 
the density of the fluid p, the viscosity of the fluid u, and the 
absolute roughness e, or 


% = D, P, 


pV? un ’D 


In terms of the Darcy f 


8ro 3 


4 Basic data adapted from ‘‘Friction Factors for Pipe Flow,”’ by 
L. F. Moody, Trans. A.S.M.E., vol. 66, 1944, p. 671. 

6“A Survey of Flow Calculation Metheds,’’ by 8S. P. Johnson, 
A.S.M.E. Summer Meeting, Miscellaneous Papers, June, 1934, p. 98. 

6 ‘* Solving Pipe Flow Problems With Dimensionless Numbers,” 
by A. A. Kalinske, Engineering News-Record, vol. 123, 1939, p. 23. 

7“Direct Determination of Coefficients for Flow Meters,” by 
R. C. Binder, Instruments, June, 1942, p. 196. 

8 ‘Evaluation of Boundary Roughness,” by H. Rouse, Proceed- 
ings Second Hydraulics Conference, University of Iowa Bulletin No 
27, 1943, p. 105. 


whence 
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4 Drag COEFFICIENTS FOR SPHERES® 


which is plotted‘ in Fig. 3 for a range of - called the relative 


roughness. 

The functional representation of Equation [17] by the graph 
allows direct determination of the wall friction or head loss, upon 
a knowledge of the discharge, diameter, and wall material of the 
pipe, but requires a solution by successive approximation when 
the discharge is desired. In order to obviate the latter rather 
laborious method, it is only necessary to rewrite Equation [17] 


thus 
Sro € 1/¢ € 
pV? f (1, fi (1 f 4 


which can readily be plotted (see Fig. 3) from the f — Re diagram 
by the relation 


8 
Therefore, knowing the wall friction, diameter, and roughness of a 
pipe, the discharge can be determined directly. 

A second example which illustrates the application of the con- 
cept of function is the problem of drag of a sphere moving in an 
incompressible fluid. Here it is found that the total drag D is 
related to the speed V, the diameter d, and the density and vis- 


cosity of the fluid. Hence 
or 
D Vdp 
p/2AV? »( ) [18] 


where Cp is called the drag coefficient and A is the projected area 
This equation is plotted® in Fig. 4. 

The relationship given by Equation [18] and its graph is in the 
best form for the direct determination of the drag, knowing the 
speed of the sphere, but it is not in the best form for the calcula- 
tion of the speed given the drag. Hence it is necessary to 
change the independent z’s as follows 


C'p(Re) Cp,(Re Cp”) 


where 


= (:) - Re- Cp” 


Equation [19] which is plotted also in Fig. 4, is now in the proper 
form for direct determination of the speed once the drag is given. 

A third illustration is that of the Venturi meter in which the 
velocity V2 at the throat of diameter D, is given by 


or 


®* Basic data adapted from ‘Das Widerstandsproblem,” by 
F. Eisner, Proceedings Third International Congress Applied 
Mechanics, Stockholm, Sweden, 1931. 
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3 4 
1° 10 10" io 
0.95 
FOR HEAD ~ 
L 
0.90 VA 
VA 44 
VENTURI METER 
h 
0.85 l= 
D, 
=0.5 
0.80 7 FOR DISCHARGE 
[ 
0.75 
l 
l 
Re 
v 
Fic. 5 FOR A VENTURI METER! 
where Fig. 5 shows both Equations [20]!°and [21]. The discharge can 
v= 1 now be found directly through the graph and Equation [21]. 


— 


The rearrangement of the dimensionless products of a function 


may be useful also in finding the best mode of presentation of the 


and h is_the difference in the static heads at the throat (2) and 
base (1). 

Again, while Equation [20] is most useful for calculation of the 
head given the discharge, yet its graph requires the use of suc- 


problem where 


data for a particular problem. For example, in the pipe-friction 


. [22] 
cessive approximation to determine the discharge given the head. 
A simple manipulation can take care of this situation; thus 
another function may have been found, viz. 
V2 V2D, Dz 
MV 2gh v *D, 8ro VDp e 
V D; Ds 8roD 
=( -M, >.) Re, = [23] 
= ——, — [21] but Equation [23] involves a much larger variation than Equation 
v D, [22] in the more common turbulent range of flow and therefore 


where 


(gh)'*D, 1 


v C ~/2M tion,” Part 1, A.S.M.E., 1937, pp. 56 and 100. 


is not so well suited for presentation as Equation [22]. 


10 Data adapted from “Fluid Meters, Their Theory and Applica- 
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A Uniform Method for Determining Angular 
Accelerations in Mechanisms 


By L. R. KOENIG,' ST. LOUIS, MO. 


The purpose of this paper is to disclose a more reliable 
and uniform method, applicable to mechanisms in gen- 
eral, for determining directly the angular accelerations of 
the constituent links. The method completely suffices 
where the determination of angular accelerations is the 
end in view. Although it is independent of normal, 
tangential, and total accelerations of points on the links, 
reliable determinations of such accelerations are considera- 
bly facilitated with the aid of the acquired angular ac- 
celerations. Angular-acceleration problems may be solved 
with increased assurance because; (a) only velocity-vector 
considerations are required in the necessary kinematic 
layouts; (6) full advantage may be taken of the process of 
inversion in simplifying velocity-vector layouts, which 
is not possible when acceleration vectors are employed; 
and (ec) the method gives considerable insight into the 
effects of the various factors controlling the angular ac- 
celerations. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


w = angular velocity, radians per sec 

a = angular acceleration, radians per sec per sec 

V =linear velocity of a point, superscripts being used to 
distinguish different vectors 

k = instantaneous line of three rotopoles? of three rigid sys- 
tems moving relatively 

V* = velocity along line k of a moving point on line k 

r = radial distance between the two rotopoles in. a given 
rigid system and located on line k 

@ = tangent rolling circles respectively attached at a given 
instant to relatively moving rigid systems and reproduc- 
ing their angular movements, as will be elucidated below. 


——a), or (ab——af) 


ji/////] reference system, body or link, generally fixed with re- 
spect to the earth, such as a machine frame, to be indexed F 


— line segment; thus (a 


Capital English letters from the first part of the alphabet 
symbolize rigid point systems, thus, A, B, C, F ... ete. Such 
systems include as partjcular cases the rigid links, either moving 
or stationary, of mechanisms. 


1 Assistant Professor of Mechanical Engineering, Washington 
University. Member, firm Haynes and Koenig, St. Louis, Mo. 
Mem. A.S.M.E. 

2 The term “‘rotopole’’ is considered to be preferable to the variety 
of formerly used equivalent English terms, such as instantaneous 
center, instant center, and centro. The term “rotopole’’ has been 
suggested and its advantages discussed by A. E. R. de Jonge in 
“A Brief Account of Modern Kinematies,’’ Trans. A.S.M.E., vol. 
65, 1943, pp. 663-675. It is employed throughout this paper. 


Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1946, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 
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Pairs of lower-case English letters designate the rotopoles of 
the corresponding capital-lettered, rigid, point systems; thus a 
pair of coincident points a and 6 on links A and B, respectively, 
when they are at the rotopole for these links, are indexed ab. 

It should be noted more carefully than is the ordinary practice 
that where two rotopoles are associated with one rigid system 
(for example, rotopoles ab and bf with system B) each rotopole is 
constituted by two coincident points, making four in all, of 
which only the two points having the common letter b are in the 
system B and determine a unique line segment b——» therein. 
Thus line segment b——b between rotopoles ab and bf is on system 
B. According to the notation adopted, points a and f in the 
foregoing case belong to relatively moving systems A and F on 
which are other line segments a a and f—~f, respectively. 
In the case of three relatively moving systems A, B, and F, roto- 
poles ab, bf, and af are collinear according to Aronhold’s theorem,? 
and line segments a——a, b——b, and f——-f are therefore 
necessarily coincident. 

Subscripts used in connection with any symbol designate the 
entity to which the symbol applies, thus V,, is the velocity of the 
rotopole ab; V;,.* is the velocity along line k of rotopole fe, ete. 


Fie. 1 


Basic CONSIDERATIONS 

Assume, Fig. 1, three rigid point systems (in a more limited 
sense bodies, or links) A, B, F, moving relatively, which have 
rotopoles fa, ab, and bf. These rotopoles necessarily lie upon a 
straight line k (Aronhold’s theorem).? Let body F be stationary 
and without acceleration relative to the desired frame of refer- 
ence, generally the earth. It follows’that at any given instant a 
line k passing through points f——f is stationary and without 
acceleration relative to the frame of reference. To this line k 
are to be referred angular motions of the moving systems A and 
B.‘ Point ab is the common rotopole of the two relatively mov- 
ing systems A and B, being coincident points a and b on bodies 
A and B, respectively, and has in each, relative to F, the same 
tangential velocity, thus 


Va» = Ws, (a——a) = we (b——b) 


3 Ascribed to Aronhold by A. E. R. de Jonge,? but heretofore often 
called Kennedy’s theorem. 

4It may be observed that successive lines k drawn through suc- 
cessive positions assumed by rotopoles fa and bf may, in time, be 
angularly related, but each is simply a new line upon which atten- 
tion is being fixed at the instant and has no angular velocity or ac- 
celeration, the line k being determined always by a set of motion- 
less points f- ‘fin the motionless reference system F. 


“By 
NOT 
fa 
a“ 
| 
By 
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Circles ¢4 and ¢g drawn in the systems A and B, respectively, 
centered at rotopoles fa and bf, respectively, and rolling tan- 
gentially at ab will, at the instant ynder consideration, reproduce 
the angular motions of systems A and B relative to the fixed line 
kin the fixed system F. These angular motions are the same as 
those that originally determined the rotopoles fa, ab, and bf.§ 
Thus from Equation [1] and Fig. 1 


Now, r4 and rg are the radii of instantaneous circles ¢4 and 
¢g but, since rotopoles fa, ab, and bf may advance toward or 
away from one another on line k as successive positions of line k 
are assumed, these radii r, and rg, in many linkages, may change 
throughout finite time intervals, although this is not universally 
the case. Thus at any given instant the following relations 
in Fig. 1 hold relatively to system F 


Differentiating Equation [3] with respect to time yields 


d (war a) d (warp) 


at dt 
Then 
dw, drgz dwg [5] 
— + rp —.......... 5 
But since 
dw 
6] 
and 
dwg 


Substituting Equations [6] and [7] in Equation [5] will yield 


dr dr 
Hence 
dr dr 
Transposing and simplifying 
1 dr dr 
= (4 — + aura) {10} 


Also, since from Fig. 1 and Equation [2] 


5 It may be noted that in the case of free bodies, external forces 
determine the motions and hence the rotopoles; but in a closed, 
kinematically constrained chain of rigid links, it is only the char- 
acters of the pairs connecting the links that determine the relative 
motions, and which determine the rotopoles. All rotopoles in a 
kinematically constrained chain of links may always be located at 
any position assumed at a given instant. 

In some linkages these radii r4 and rg do not change as, for ex- 
ample, in an ordinary gearset wherein ab is the fixed pitch point, fa 
and bf are the fixed gear centers, and the circles ¢4 and ¢@g centered 
on fa and bf, and tangent at ab, are the pitch circles. Such special 
cases, as will appear, also respond to the present treatment, and 
although trivial among the problems in hand, they help to illustrate 
the universality of the method. 
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then 
and substituting Equation [12] in Equation [10] yields 
1 dr r, dr 
WA — + curs) [13] 
TR dt rp at 


Equation [13] provides for the uniform procedure without 
acceleration vectors. It is general for any three relatively mov- 
ing rigid systems, and thus also for any three rigid links in any 
mechanism. The left-hand term ag of Equation [13] is the de- 
sired angular acceleration of a rigid point system B, which may 
be any link in any mechanism. 

The factor wy in the bracket is the assigned or known angular 
velocity with respect to the frame of reference F of some link A, 
and a, is its assigned or known angular acceleration. The frame 
of reference F is the fixed link or frame of the mechanism, if re- 
sults relative to the earth are desired. 

The first and second terms in the bracket, respectively, in- 


dr dr : 
clude the factors — a and oa which are the rates of change in 


d 
time of the radii of circles ¢4 and ¢g. Thus - may be evalu- 


ated by determining the instantaneous velocity difference along 
line k of rotopoles ab and fa; and likewise = may be evaluated 


by determining the instantaneous velocity difference along line k 
of rotopoles ab and bf. These velocity differences are obtaina- 
ble from well-known rotopole and velocity-vector layouts, as 
will be exemplified later. The lengths r4 and rg may be ob- 
tained from the mechanism layout, wherein the determined 
positions of the rotopoles fa, ab, and bf determine these radii. 

The ordinary rotopole and velocity-vector layout supplies all 
of the substitutions required in Equation [13] and provides all 
of the engineering accuracy required. Nevertheless, it will be 
clear that the layout may be treated algebraically in order to 
increase the accuracy of the substitution values to any extent 
worth while. In practice, the latter is very seldom necessary. 
The process of kinematic inversion may be used at will for sim- 
plifying velocity-vector solutions, because ‘relative’ velocities 
between links are unaffected thereby; hence the correctness of 
values for vs and “a is unaffected by inversion. 
important advantage of the method over the prior use of ‘‘ac- 
celeration” vectors wherewith inversions may never be em- 
ployed. 

As to signs in Equation [13], any assumed independent angular 
velocity w, is indicated plus, whether clockwise or anticlockwise. 
Then ay, is positive for increase in angular velocity in that direc- 
tion and negative for a decrease. A positive result for the 
dependent acceleration ag indicates an acceleration which is 
in the direction of rotation of link B, in whatever direction that 
may be; and a negative result indicates a deceleration with re- 


This is an 


spect to that same direction. The factor — is evaluated posi- 


drg 
dt 
is increasing. Decreasing values make these factors negative 
and they must then be so indicated. Due care should be ex- 
ercised to retain the negative sign between the first and second 


tive when r, is increasing, and is evaluated positive when rg 


d 
terms in addition to the proper signs to be applied to ry and 
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a’ operating algebraically with these signs in arriving at a 
solution. 


APPLICATION OF METHOD TO MECHANISMS 


In any closed kinematically constrained linkage all of the roto- 
poles are determinable. This includes the three rotopoles of 
any selected three links. In application the method herein de- 
scribed amounts to determining from a scaled layout of the 
mechanism in the position desired the numerical substitutions 
required on the right-hand side of Equation [13]. In any link- 
age, no matter how complex, the process is only one of choosing 
as the three links for primary consideration a link A having a 
known independent angular velocity w,4 and independent angular 
acceleration a, (for brevity to be called the independent link); 
F the reference link, generally the frame of the mechanism; and 
the link B of which the dependent angular acceleration ag is 
desired (for brevity to be called the dependent link). Designate 
these three links accordingly and find their three rotopoles, thus 
also determining the instantaneously fixed line k. This is the 
same procedure often followed in linkage-velocity problems. 

From this layout the relative velocities of the three rotopoles 

‘ dr, drz 
along line k will produce dt and it’ 
with the values of w,4, a4, ra, and rg and solve for the desired 
ap in Equation [13]. Any additional rotopoles which will facili- 


Substitute these along 


tate finding the velocities represented by “a and <s or which 
will facilitate velocity determinations, may readily be found and 
employed in the usual way. 

An example will now be worked out, showing how the entire 
problem of substituting in Equation [13] reduces to an ordinary 
linkage velocity and dimensional problem. The particular ex- 
ample has been selected to bring out several points of interest in 
the method. 

Example. Consider the quadric link mechanism A, B, C, F, 
in the position shown in Fig. 2, wherein the independent driving 
link A in the actual machine is 1.65 in. long and the remaining 
links are in proportion, link F being the frame of reference with 
ap = 0. Let the independent angular velocity w, = 10 radians 
per sec, and the independent angular acceleration a4 = 6 radians 
per sec per sec. Required is the dependent angular acceleration 
of all links in radians per sec per sec. The solution for the link B 
will first be given. 

Lay out the linkage to any scale in the desired position, Fig. 2, 
and determine in the usual manner the six rotopoles ab, af, bf, 


ac, bc, and fc.?__ It will be seen at once that factors “A and “. 
{rates of change of ra and rg) are in this case the same, both 
being the velocity along line & of the intersection at rotopole ab, 
rotopoles af and bf being fixed. Rotopole ab is always at the 
intersection between the fixed line k, and the line (ab——bc) 
moving with link C. The velocity of this intersection may 
readily be found, since line (a——bc) is at the instant rotating 
about rotopole fe. Thus to a convenient velocity scale let V,.' 
be the tangential velocity of point ac = 10 X 1.65 = 16.5 ips. 
Rotate V,,' into the radius (ab——fc), thus obtaining V,.2.. Draw 
the direct proportioning line 3, determining V,,! which for the 
purpose is drawn parallel to V,,2. Vector V,,' represents the 
instantaneous velocity of ab,considered as being on line (ab——bc) 
in link C, the velocity being relative to the fixed link F. Draw 
the vector V,,? parallel to line (aa——bc), which represents the 

7 Not all of the rotopoles are always required but all have been 


shown to fagilitate discussion. The method of finding these is not 
discussed, being well known. 


relative movement along line o— be) of the intersection at ab. 
Thus V,,*, which equals V,,! + V,,?, is the desired velocity of 
rotopole ab on line k, and evaluates “a and “2. 
scale that V,.! represents 16.5 ips, as just found, V,,* represents 
54.30 ips = dra = dre 


dt dt 
7.12 in. Substituting in Equation [13] the values given for 
dr, drg 


—, T4, Tg and the assumed values of w,4 and a4, we obtain 


‘dt’ dt 
1 10 X 2.87 
wo x43 ( 7.12 


= 47.90 radians per sec per sec 


To the same 


To full scale rg = 2.87 in. and rg = 


x 51.0) + (6X 287) | 


angular acceleration of link B. 

This first part of the example illustrates a case wherein both 
radii r4 and rg change at the same rate. It also illustrates a 
ase wherein the line k, as well as being instantaneously fixed, 


Fig. 2 


is also permanent in all possible positions of the mechanism, 
no inversion being called for. 

Next the angular acceleration of the connecting link will be 
obtained. In Fig. 3, for clarity of explanation, the identical 
mechanism in Fig. 2 has been redrawn and relettered. The 
scale has also been changed. If desired, Fig. 2 could have been 
used except that for the purpose of this paper it is preferred 
that the symbols of the drawing be changed to accord with 
those of Equation [13]. It is the object to find ag, the angular 
acceleration of the connecting link now lettered B. The angu- . 
lar velocity and acceleration of crank A are the same as in Fig. 2. 
The rotopoles also are located the same as in Fig. 2, except that 
they have different symbols in view of the change of link symbols 
Band C. The rotopoles af, ab, and bf associated with the fixed 
link F, independent link A, and dependent link B produce a new 
instantaneously fixed line k between fixed points f,——Y. 


Radius r4 = 1.65 in., full scale, and constant. Therefore 


d. 
in this case 4 = 0. Radius rg = 4.12in. The factor dre is 


determined by the velocity along moving line (af——ab) ex- 
tended, of its intersection at bf with moving line (cf——bc) 
extended. Vector V,,' is the same as was V,,' in Fig. 2, namely, 
10 X 1.65 = 16.5 ips. If the mechanism is inverted, releasing F 


and holding A, the problem of the movement on line k of the 
intersection at bf is simplified. 

Thus the velocity V, of point p on link F at radius r, is set up 
inversely as shown, equal in length to V,,'. By the proportion 
line 3! vector V,, is determined on link C. Link C in the inver- 


y2 be 
: 
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va r 
A 
a ‘of F 
6” 
- 
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Fig. 3 


sion swings about rotopole ac. Now 6f is a point always on line 
(ef- bc), extended, and moves with C. Its motion with 
(ef. be), extended, may be found by drawing the porportion 
line 8? from rotopole ac to the end of Vy. Then vector V,,' is 
determined at the radius of point bf from point ac. Hence, rotate 
V,/', back to point bf to determine V,,/’, which is located at 90 deg 
to (ac——?f). This vector V;,/ is, in the inversion, the velocity 
relative to the frame of a point on link C at the intersection Of. 
Vector V,,/', drawn parallel to line (cf- bc) represents the rela- 
tive velocity of the intersection along line (cf. be), extended. 
Remembering that line (af——ab), extended, is fixed in the 
drz 


inversion V2, + Vi, = Viz", = To the same scale that 


d 
Veo! = 16.5 ips, = 28.25 ips = 
Substituting in Equation [13] we obtain 


10 X 1.65 
4.12 4.12 


= —25.29 radians per sec per sec 


2B 


x 28.25) + (6X 1.65) | 


the negative sign denoting a deceleration. 

This second part of the example illustrates a case wherein 
one radius r, does not change; and also one wherein the inver- 
sion method may be used, although it is to be emphasized that 
the problem could have been solved without inversion, if pre- 
ferred. 

The advantages of the method increase when applied to more 
complex mechanisms but lack of space precludes further ex- 
amples. 
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CONCLUSION 

In regard to the insight into problems afforded by the method, 
the following points are of interest: 

The first and second terms in the brackets in Equation [13] 
disappear when the independent variable w, becomes 0. The 
independent variable a, in the third term is then exclusively 
the independent controlling acceleration factor in a given 
mechanism at a given position. Under such conditions, the mecha- 
nism is starting from rest from the position assumed. The third 
term disappears when a, also becomes 0. The mechanism then 
has no motion and no acceleration in the assumed position. 

On the other hand, the first and second terms in the bracket, 
if not zero, depend on the angular velocity w, of link A, 
whatever that may be at the instant. But even with w, > 0 
either or both of these two terms will disappear when, respec- 
tively, either or both factors m or “a becomes 0, that is, when 
r4 OF rg remains constant. This constancy (or lack of it) is 
determined only by the character of the linkage. A gearset, 
referred to elsewhere in the paper,® is an obvious case in point. 
In that case these first and second terms both become 0 because 
ra and rg are constant, while the third term may or may not be- 
come 0, depending upon whether or not the driving gear is ac- 
celerating (note a, in this third term within the brackets). 

The foregoing and other deductions that may be drawn from 
Equation [13] provide a penetrating attack on all angular-ac- 
celeration problems in linkages. 

It is interesting to note that if at a given position of a given 
mechanism operating at a certain instantaneous angular veloc- 
ity of a link A, it would be desired to have zero angular acceler- 
ation of a certain link B, this could be solved simply by setting 
the right side of Equation |13] equal to 0 and solving for ay, all 
other factors being known. Also, the equating could be done 
against values + 0 where the desired angular acceleration ag of 
link B is to be #0. Many other avenues of procedure are 
opened by the method. 

It may be remarked that the angular accelerations obtained 
are useful in many investigations, for example, in determining 
turning moments necessary to accelerate the links. Also, once 
the angular acceleration of a link is known, in addition to its 
angular velocity and its center of acceleration, the normal, 
tangential, and total linear acceleration of any point on it is 
readily available. Thus the tangential acceleration of the 
point is simply the product of its angular acceleration and its 
radius from the acceleration center; its normal acceleration is 
the product of the square of its angular velocity and the same 
radius; and the total acceleration is the square root of the sum 
of the squares of the tangential and normal accelerations. Re- 
garding the required factors of angular velocity and center of 
acceleration, the former is usually quite easy to find, and the 
latter, although not always easy to locate, is often obvious, for 
example, in cases of links pinned to the frame (see links A and B 
in Fig. 2). 
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Stresses in Rotating Disks at 


High Temperatures 


By A. STANLEY THOMPSON,’ LESTER, PA. 


A general method was found by which the problem of the 
rotating disk with any arbitrary profile could be solved, 
including the effect of plastic flow and of variable tempera- 
ture, and including the change with temperature of modu- 
lus of elasticity, coefficient of thermal expansion, and al- 
lowable stress. The solution requires for its application 
to a specific disk only the elementary arithmetic involved 
in completion of a tabular form sheet. Two applications 
of the method are made. For an arbitrary disk profile, an 
integral equation was found which converges rapidly to 
the radial stress distribution in a series of successive sub- 
stitutions. For an arbitrary choice of radial stress, the 
necessary disk profile can be found in one calculation. 
Appendix 1 gives an example of the use of the method for 
the design of a partially plastic disk with a central hole. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


r, R = independent variables expressing radial distance, in. 
a = radius of bore in disk, in. 
b = radius to rim of disk, in. 
c = radius to junction of elastic and plastic portions of 


disk, in. 
h, hp = thickness of disk at radius r, R, in. 


» = angular speed of rotation, radians per sec 

p = mass density of disk material, lb sec? per in.‘ 
¢,, 0p = radial stress at radius r, R, psi 

o, = tangential stress at radius r, psi 


a, = yield strength of disk material at radius r, psi 

= modulus of elasticity, psi 

= temperature at radius r, deg F 

= coefficient of thermal expansion, in. per in. per deg F 
u = Poisson’s ratio 

= radial deformation, in. 

= radial strain, in. per in. 

= tangential strain, in. per in. 


S, = (l—u)o, + EaT 


r R 
hE hE 
= uf dr f(R) = dr 


h 
g(r, R) = + (1 + E (f(r) —f(R)} 


Org + S,a! 
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8B 
k(r) = dr 
(= 
o, \ dr 


To, 


R 


p(r) 


r# 
q(r, R) +5 {k(r) — k(R)} 


GENERAL 


It has been verified that the method described in this paper 
gives the usual solutions for the parallel-sided rotating plastic 
disk (1),? the parallel-sided rotating elastic disk, with or without 
a central hole (2), the parallel-sided stationary elastic disk with 
variable temperature (2), and the uniform-strength rotating 
elastic disk (3). 

The limits to the accuracy attainable are lack of knowledge of 
material properties, the amount of tabular work done, and in- 
accuracies in assumptions stated. 

Partial or total plasticity of the disk can be calculated. Al- 
owance can be made for stress concentrations and concentrated 
masses. The equations written apply equally well to solid disks 
or to disks with holes. 

Assumptions. In all calculations for the elastic state, Poisson’s 
ratio has been assumed constant. The actual variation for five 
different steels is given by Everett and Miklowitz (4). The 
author of this paper knows of no data for high-temperature 
materials. 

The disks involved are considered thin in the sense that stresses 
in the axial direction ere neglected. Temperature is assumed to 
vary only linearly with axial distance, and the radial temperature 
distribution used is that at the axial middle plane of the disk. 

For the plastic state, the maximum-shear theory was taken 
as the criterion for yielding. This is a matter of convenience 
since the more accurate octahedral-stress theory (5) becomes 
burdensome in this case. The maximum-shear theory is thought 
to give a sufficiently good approximation. 

All variables involved are considered to be symmetrical about 
the axis of rotation of the disk. 

The stress-strain curve assumed is that shown in Fig. 1 (6). 
It is assumed that there is no strain-hardening, which should be 
nearly true for high temperatures. 


MATHEMATICAL DEVELOPMENT 


The development of the equations for the rotating disk is 
divided into three parts, as follows: 


1 The equilibrium condition is expressed in a form in which 
it can be handled numerically. 

2 ‘The compatibility condition is written in terms of stresses, 
instead of strains as is usual, this expression being integrated to 
give a relationship for tangential stress in terms of radial stress. 

3 The compatibility and equilibrium conditions are com- 
bined to eliminate ¢,, giving an expression for ¢, in terms of thick- 
ness. For the plastic condition, the maximum-shear theory is 


? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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used instead of the compatibility condition to determine tan- 
gential stress. 


Tue ConDITION 
The equilibrium equation for a thin rotating disk of variable 
thickness is (2) 
1 d(rho,) 


—o, + pw'r? = 0............. {1] 
This equation can be expanded by differentiating the product 
r dh 


dr h 
Solving for thickness 


do, 
+ not) =0 


On integration between the limits r = a and r = R, the ex- 
pression for thickness of the disk becomes 


h 


1 
¢(R) = f p(r) + (o, — dr 


@,\dr 


For both the solid disk and for the disk with a central hole 
and no press fit, the denominator of the integrand of ¢(R) be- 
comes zero where r = a. For a usable equation in the vicinity 
of r = a, ¢(R) must have a finite integrand at r = a. By use of 
Equation [1] 


1 (do, lim 2 % 
m|—-—| — r — (¢,—o,) |= 
This limit is finite for any reasonable disk shape, and Equation 


[3] is usable for either a solid disk or for a disk with a central hole. 
Equation [1] may be solved for tangential stress 


where 


1 d(rhe,) 
r d(heo,) 
do, r dh 


Equation [4] may be solved for radial stress 


R 
1 
oR = hak Lf h(o, pwr?) dr + ah, [5a] 
fer 
=— — o,) — pw*rh +h,o,, |. . [5b] 
hp a r 
R R 
rah) \ | 
-f +74) | 9 


[5e] 


As will be seen later, the form of Equation [5a] is useful for the 
plastic case, since o, does not appear on the right side. Equation 
[5b] is the most useful for finding the stress distribution in an 
arbitrary elastic disk, since the form of Equation [5a] causes 
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it to converge very slowly for small values of R, and since Equa- 
tion [5c] has a more complicated form, and a derivative under 
the integral sign. 

ComPaATIBILITY CONDITION FOR Exastic Disk 


For a two-dimensional stress distribution symmetrical about 
an axis, the radial and tangentigl strains are related to the radial 
deformation by the expressions 


Eliminating u from Equations [6] and [7] gives the compatibility 
equation in terms of strains 


d 
(re) = 0....... .. [8] 


From Hooke’s law for the elastic case 


— + aT [10] 


Combining Equations [8], [9], and [10] gives the compatibility 
equation in terms of stresses 


o,—po,+ EaT |r(o,— uo, + 
= 
E E 


Equation [11] can be rewritten 


‘ E dr E 


S, 
+ (1 +a) = 


where 
S, = (l—u)o, + EaT 


Multiplying through by r“ 


dr E E 


Integrating this expression from r = a tor = r, and solving for o, 


E 
o, = a, —S, + raf 1, |.. [14] 


where 
qit# 


For the solid disk, a = 0, and it becomes necessary to evaluate 
the indeterminate quantity 


E "+S, 


jm, 


This evaluation of the indeterminate quantity gives oro = ow for 
the solid disk as would be expected. 


i 
sk 
} 
du 
dr 
. 
u 
dh .. de; 1 
— = |——| — + pw] + — (o,—a,) | dr...... [2] 
r 
; 
| 
| 


THOMPSON—STRESSES IN ROTATING DISKS AT HIGH TEMPERATURES 


Equations For Evastic Disk 


Equations [3], [4], and [5] are expressions of the equilibrium 
condition for the rotating thin disk. Equation [14] is an ex- 
pression of the compatibility condition in terms of stress. These 
equations can be combined to find the stress in an arbitrary disk 
profile, or to find the profile necessary for a required stress dis- 
tribution. 

Substitution of Fquation [14] into Equation [5b] gives an 
integral equation for radial stress in terms of thickness. 


R r 
l fh BE 
dr + hen | 


Partial integration of the repeated integral in Equation [15] gives 
(Appendix 2) 


[15] 


R r 
hEdr r*S_dr 
1 ) 16 
*R 
= — (1 + {50 — f(R) dr 
where 
"hE hE 
Substitution of Equation [16] into Equation [15] gives 
l R R 
oR = g(r, R)S,dr pw*rhdr 
hp a a 
+ H,f(R) + | 


where 
h r# 
ar, =~ + (1 +H) 
Equation [17] is an integral equation for the radial stress in terms 
of an assumed thickness and known variables of temperature, 
modulus of elasticity, and thermal coefficient of expansion. 


Substitution of Equation [14] into Equation [3] gives an ex- 
pression for thickness in terms of radial stress in the disk. 


R 
E 
a To, r 
E + n) dr + | dr..... [18] 


On performance of partial integration of the repeated integral 
(Appendix 2) 


R r 
S, Ed 
o(R) = E + (1+y) 
a To, a r Co, 


R 
= [p(r) + g(r, R)S,|dr + H,k(R)..... [20] 
where 


R 
Edr Edr 
= ( = 7 
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ro, E 


Substitution of Equation [20] into Equation [3] gives for thick- 
ness 


[p(r) + @ (r,R)Sr]dr + Hak(R) 


Evaluation for the solid disk of the terms in Equations [17] 
and [21] can be done by taking limits as the radius approaches 
zero. However, since the curves for both radial and tangential 
stress have stationary values at the center of the disk, the 
numerical work can be simplified by assuming that the disk has 
a region, 0 <r < a (where a is a small dimension compared with 
the radius to the rim of the disk), in which cg = o, = ¢, = o,, = 
a4. The procedure for the solid disk, aside from the assumption 
of constant stress for r <a, is identical with that for the disk 
with a hole of radius a. 

By solving Equation [17] for the tangential stress at the edge 
of a small hole of radius a, and at radius a on a solid disk, it can 
be found that the ratio of these stresses as a — 0 is 


lim “ = +h,E, lim (1—») 
a—0 hE 


h,E,a~ 2+») 


This ratio is in agreement with theory. 


Stress 


Strain 
Fic. 1 Srress-Srrain Curve 


EQUATION FOR Piastic Disk 


Over any portion of a disk in which the stresses are elastic, it 
is necessary to find a solution for the distribution of radial and 
tangential stresses satisfying both the equilibrium and compati- 
bility conditions. It is reasonable to expect that this is true for 
the plastic case also. However, on the assumption of a stress- 
strain curve such as is shown in Fig. 1, where the modulus of 
elasticity is zero in the plastic range, the compatibility condition 
is satisfied automatically. This assumes that there is no strain- 
hardening, which seems reasonable for disks operating at high 
temperatures. Only the equilibrium condition need be fulfilled 
by the stress solution in the plastic region. 

According to the maximum-shear theory, plastic flow occurs 
when the maximum shearing stress, determined as one half the 
difference in the maximum and minimum principal stresses, 
passes a eertain value. In our case o,, ¢,, and o, are principal 
stresses, of which ¢, = 0 and g, is generally the maximum. We 
can write for the maximum shearing stress 


We can write for the tangential stress in the plastic portion of the 


= 
[21] 
a 
} 
a 
2 
> 
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disk, assuming the yielding will occur when the maximum shear- 
ing stress is one half the tensile yield strength of the material 


where g, is the yield stress of the disk material in tension. 
From Equations [22] and [5a], the radial stress in the plastic 
range is 


R 
oR = Lf h(oy — pw*r*)dr + [23] 


From Equations [22] and [23] it can be seen that, for a disk 
which is plastic in the center, o, will generally be larger than ¢, in 
the plastic region, and hence will be the largest principal stress. 
The only effect of variable temperature on the stress in the 
plastic region will be to change the yield point. At the outside 
of the disk where o, < 0, the criterion for yielding becomes 


Substitution of Equation [22] into Equation [38] gives an 
expression for the thickness form necessary to maintain a given 
radial stress in a disk operating under conditions of plastic flow 


R 1 ) 
¢(R) = Ee +— Jar | 
a To, 


hr = ev(R) 
he 


EQUATIONS FOR PARTIALLY PLastic Disk 


In order to use the same tabular work for the elastic and the 
partially plastic disk, Equation [17] can be written 


1 R 
oR = say g*(r, R)S,dr + f g*(r, R)S,dr 
R 
f pw*rhdr + pw*rhdr + H.f*(R) + hen | (25] 
a a 


where 


R 
hEd 
f*(R) = = — So) 


" hEdr 
= = Jr) — Sle) 


h 
g*(r, R) = : + (1 + ») E {f*(r) —f*(R)} = g(r, R) 


The radial stress in the elastic portion of the disk is then 


1 R c 
= g(r, R)S,dr + g(r, R)S,dr 


R 
pw*rhdr + H, {f(R) —f(c)} + 


The tangential stress in the elastic portion of the disk is then 


E 
c 
— f wr} + u.| [27] 
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Appendix 1 


Example. This example presents the design of a disk to 
operate under the following conditions: 
N = 12,000 rpm 
o,, = 13,000 psi 
a = 0.75 in. 
b = 6.00 in. 
h, = 1.314 in. 


The temperature, modulus of elasticity, coefficient of thermal 
expansion, and thickness are tabulated against radial distance 
in Table 1, which shows the complete tabular form for those 
calculations which are independent of the assumption for radial 
stress. Table 2 shows the tabular form for those calculations, 
for the elastic and the partially plastic disk, which are dependent 
on the assumption for radial stress. Table 3 shows the cal- 
culations for the totally plastic disk. Fig. 2 shows the disk 
shape and the radial and tangential stresses that resulted for the 
elastic, partially plastic, and plastic conditions. Residual tan- 
gential stresses are shown also (difference between elastic and 
partially plastic stresses). 

The following figures for the partially plastic disk illustrate the 
evaluation of boundary constants. From Equation [26] 


b c 
1 
g(r, R)S,dr g(r, R)S,dr 
h, a a 
b 
pw*rhdr + i pw*rhdr + H, (f(b) —f(e)| 4 
a a 


From the table for the partially plastic disk 


43.80 — 
1.314 


13,000 = —235,000 — 22,000 + 0 + 10°H ‘ 


23.2 X 10°H + 1.141¢,. = 270,000 


23.2 108 


23.2 X = 


+ 8.) = 0.9572,, 


— 0.2900, + 184,300 
0.9570,. + 0.851 ¢,, = 270,000 — 184,000 = 86,000... [a] 
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THOMPSON—STRESSES IN ROTATING DISKS AT HIGH TEMPERATURES 


TABLE 1 DISK STRESS CALCULATIONS 
Disk PROPERTIES 


4 5 6 7 8 
r h | «T ExT Pu*rh 
a 
Multiplier (x106) (x1076) 
e750 e918 1.500 24.20 899 7,700 186, 300 1,300 0) 
1.000 | 1.000 | 1.509 | 24.00 310 7,950 |190,800 | 1,800 0 
1.250 | 1.069 | 1.500 23.80 230 8,200 |195,200 | 2,200 | 1,000 
1.500 | 1.129 | 1.500 | 23.60 340 8,450 |199,400 | 2,700 | 1,000 
1.750 1.183 3.000 23.40 520 8,700 | 203,600 6,200 1,000 
2250 1.°76 3-200 25.00 920 9,200 ~11,600 8,000 2,009 
2.500 | 1.316 | 1.900 22.80 960 9,450 |215,500 | 5,600 | 4,000 
32000 1.390 1.700 22.240 1900 9,950 222,900 6,000 6,000 
3.500 1.456 | 1.500 22.00 1040 | 10,450 229,900 6,200 | 9,000 
4.000 | 1.516 | 1.300 | 21.69 1030 | 10,950 |236,500 | 6,200 |13,000 
4.500 |1.570 | 1.100 | 21.20 1100 | 11,450 |242,700 | 5,900 |18,000 
5.000 1.621 e909 20 .80 1140 11,950 248,600 9,300 26,000 246 
5.500 | 1.668 -700 «=| 20.40 1160 | 12,450 254,000 | 4,600 |35,000 228 
5.625 | 1.679 -700 | 20.30 1180 | 12,575 |255,300 | 4,700 |38,000 27 
5.875 1.701 1.314 20.10 1200 | 12,625 |257,800 9,200 |21,000 
6.000 1.712 1.314 20.00 1220 12,950 259,000 9,300 |22,000 043 
TABLE 1 (Continued) 
Disk PROPERTIES 
f(r) Cre GCrR) Eat 
(x108) (x1076) (xl076f() 
00493 22000 2.000- 00493 
13.29 00545 0720 1.500 2e220- 20542 
.577= 60141 ||: 193,000 
24 288 00622 1.548 1.v00 2.548- 00622 
60160 201,500 
1.898- 20345 207 , 600 
36.57 20720 2.635 1.333 00720 
00184 213, 600 
38.57 00750 2.893 «760 3e650- 20750 
1.874- £19, 200 
40 065 20806 30276 2567 3 -J806 
1.969- | 226,400 
41.88 3.602 0429 4.031- «0860 
42.64 e091 3-885 4.°01- 20911 
43.12 00963 4.152 2244 4.396- -0963 
22244- 20494 245,700 
43.42 1013 4.398 4,578- 1013 
2.304- | 251,300 
43.61 4.631 4,758- 21062 
.598- 00154 =| 254,700 
43.65 21075 4.69" 4.816- «L075 
1.232- .0272 | 256,600 
43.74 4.811 5.035- 21100 
-633- 60138 | 258,490 
43.80 elll3 4.875 e219 5.094- 01113 
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TABLE 2 DISK STRESS CALCULATIONS 
Evastic Disk 
17 18 20 21 22 
Cc 
cr Sr L4 (rR)S ar he r Sr R)S,ar 
Multiplier (x1076f(R) (xl07©F( x) 
189,600 100,100- 2,470 196,000 103,500 = 2,950 
1.000 100,100- 2,470 45,000 |21,000 103,500 - 2,950 
193,000 111,400- 2,720 210,800 121,600 - 2,970 
1.250 211,500- 5,190 70,000 |30,000 225,100 - 5 9520 
197,300 121,900- 2,980 220,000 136,000 - 3,320 
1.500 333,400- 8,170 87,000 |35,000 361,100 - 8,840 
201,500 155, 600- 3, 220 220,000 169,800 - 3,520 
1.750 489,000- 11,390 53,000 [18,000 530,900 - 12,360 
207,600 394, 000- 7,160 220,900 419,300 - 7,620 
2.250 883 ,000- 18,550 68,000 |20,000 950,200 - 19,980 
213,600 203, 400- 3,930 231,400 220, 4,260 
2.500 1,086,400- 22,480 115,000 |31,000 1,170,500- 24,240 
219, 200 410,800- 8,530 241,200 45°:,000- 9,380 
3.000 1,497, 200- 31,010 139,000 |32,000 1,622,000- 33,620 
226,400 445,800- 9,440 248,800 489, 900- 10,380 
3.500 1,943, 000- 40,450 166,000 {32,000 2,111,900- 44,000 
233,200 480,600- 10,330 255,300 526,200- 11,310 
4.000 2,423, 600- 50,780 199,000 |31,000 2,638,190- 55,310 
239,600 515, 600- 11,240 261,300 562,300- 12,250 
4.500 2,939, 200- 62,020 241,000 31,000 3,200,400= 67,560 
245,700 551,400- 12,140 267,100 599,400= 13,200 
5.000 3,490, 600- 74,160 301,000 130,000 3, 799,600- 80,760 
251,300 586, 500- 13,040 272,700 636, 500= 14,159 
5.500 4,077,100- 87,200 396,000 {31,000 4,436,300- 94,910 
254,700 152,300- 3,410 276,800 165,500- 3,710 
5.625 4,229,400- 90,610 392,000 |32,000 4,601,800- 98,620 
256,600 316,100- 6,980 272,700 336,000 7,420 
5.875 4,545,500- 97,590 211,000 |14,000 4,937,800- 106,040 
258,400 163, 600- 3,570 267,800 169, 500- 3,700 
6.000 4,709,100- 101,160 212,000 {13,000 5,107, 300- 109,740 
106H » 7,410 
25 27 28 29 
Cok 26 E 
R)S,ar + H, (Cok 27) ot 
Multiplied (x1076) (x1076) 
0 7,960 280,000 94,000 
47,000 23,000 2,500 10,510 253, 000 69,000 
75,000 32,000 5,520 13,480 241,000 56,000 
94,000 36,000 8,840 16,800 234,000 46,000 
57,000 19,000 12,360 20,320 229, 000 31,000 
73,000 £1,000 19,980 27,940 224,000 18, 000 
124,000 32,000 24,240 32,200 223,000 17,000 
150,000 {33,000 33, 620 41,580 | 223,000 | 10,000 
179,000 33,000 44,000 51,960 224,000 4,000 
215,000 32, 000 55,210 63,270 225,000 -2,000 
261,000 31,000 67,560 75,520 227,000 -7,,000 
326,000 30,000 80,760 88,720 228,000 |-12,000 
425,000 33,000 94,910 102,870 229,000 |-15,000 
425,000 32,000 98,620 106,580 229,000 |-16,000 
228 , 000 14,000 106,040 114, 000 229,000 |-£5,000 
229,000 13,000 109,740 117,700 229,000 |-26,000 
From 
Col. 23 106H = 7,960 
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THOMPSON--STRESSES IN ROTATING DISKS AT HIGH TEMPERATURES 


TABLE 2 (Continued) 
Evastic Disk 


30 31 32 33 34 
Multiplier (x1076) (x1076) 
0 
0 18,000 10,800 259,000 
41,000 28,000 2,970 13,790 246,000 
67,000 33, 000 6,290 17,090 238,000 
47,000 18,000 9,810 20,610 233, Wo 
70,000 21,000 17,430 28, 230 226,000 « 
121,000 33,000 £1,690 32,490 225,000 
150,000 34,000 31,070 41,870 225,000 
182,000 32,000 41,450 52,250 225,000 
219,000 33, 000 52,760 63,560 226,000 
267,000 33, 000 65,020 75,820 227,000 
333,000 33, 000 78,220 89,020 228,000 
435,000 36, 000 92,370 103,170 230, 000 
435,000 34,000 96,080 106,880 230, 000 
235,000 14,000 103,500 114,300 231,000 
236, 000 13; 000 107,200 119,000 232,000 
Fron From 
Col. 23 Col. 23 106 = 10,790 
TABLE 3 DISK STRESS CALCULATIONS 
Puiastic Disk 
. 36 37 36 39 40 41 42 43 
R- R 
a a. 
+750 1,000 0 75,000 | 1.500 0) 0 28, 000 
1.000 | 1,800 0 74,000 1.480 24 
1.250 2,800 | 1,000 73,000 | 1.459 
1.500 | 4,100 1,000 72,000 | 1.443 
1.750 | 10,400 | 1,000 71,000 2.830 
2.250 | 18,000 2,000 69,000 2.745 
2.500 | 14,000 3,000 68,000 | 1.712 
3.000 | 18,000 | 5,000 66,000 | 1.484 
3.500 | 21,700 | 6,000 63,000 | 1.286 
4.000 | 24,800 | 9,900 61,000 | 1.06 
4500 | 26,500 | 12,000 59,000 6863 
5-000 | 26,500 | 16,000 57,000 684 
5.500 |25,300 | 24,0.0 55, 000 
| 5-625 26,400 | 25,000 54 ,000 
5.875 |54,000 | 12,000 53, 000 
55,800 | 15,000 53,000 
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Fic. 2 Disk SHAPE AND RapIAL AND TANGENTIAL STRESSES 


From the solution for the plastic disk 
75 
Gre = 0.249 = 0.249 X 


Combining Equations [a] and [b] 


86,000 
1.169 


Cre = 18,400 
10°H = 10,800 


= 73,600 


= 
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In the numerical work for this example, the increment for 
integration of a function F(r) was taken as 


F(r) + F(r + Ar) 
sr 


9 


This causes an appreciable error in f(r) (column 10, Table 1), 
since column 9 has considerable curvature and slope for small 
values of r. For a closer evaluation of f(r) and of ¢,, smaller 
increments of r or a more accurate averaging process should be 
used for small values of r. 


Appendix 2 
PARTIAL INTEGRATION OF REPEATED INTEGRAL 


In the repeated integral 


R r 
F(r)dr G(r)dr 
v= f F(r)dr 


. 
G(r)dr =u du = G(r)dr 


and substituting values for u, v, du, dv 


R r 
F(r)dr f G(r)dr 
r r R r 
f Pina | (f Piotr) 
R R r 


let 


F(r)dr = dv 


then 


i 
‘ 
Q 
| 
| 
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Nonlinear Theory of Elasticity With 


Small Deformations 


By E. STERNBERG,! CHICAGO, ILL. 


Previous investigations of nonlinear theory of elasticity 
have been concerned largely with the problem of finite 
deformations. In this paper the assumption of “‘in- 
finitesimal’’ deformations is retained whereas Hooke’s 
law is replaced by a general second-order approximation 
of nonlinear stress-strain laws. Applications to uniaxial 
tension and compression as well as torsion of right circular 
cylinders are considered in detail. The results obtained 
indicate second-order effects which were previously un- 
noticed because of the early linearization of the extended 
stress-strain relations. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


W = strain-energy density (strain-energy function, elastic 
potential) 

G = modulus of rigidity of classical theory 

vy = Poisson’s ratio of classical theory 

E = modulus of elasticity of classical theory 
1—» 

A’ = G; B’ = —2G = elastic parameters of classical 

— 

theory 


A, B,C, anda = be-,c= = additional elastic parameters 
G G G 
of nonlinear theory 
€x, €y) Yyt) Yex = components of strain in Cartesian co- 
ordinates 
r, 0,2 = cylindrical co-ordinates 
u, v, w = radial, transverse, and axial components of displace- 
ment in cylindrical co-ordinates 
€8, Yr0, Yer = Components of strain in cylindrical co- 
ordinates 
06, Tp; Tr8, Te, Tr = COMponents of stress in cylindrical co- 
ordinates 
€2, and o2, = principal strains and principal stresses 
Ji, J:, Js = invariants of strain tensor 
«, 9 = axial and transverse components of strain, respectively, in 
the uniaxial state of stress 


alia” ta axial normal stress in the uniaxial state of stress 


R, l = radius and length, respectively, of right circular cylinder 
I, = = = polar moment of inertia of cross section 


K = unit angle of twist 


! Assistant Professor, Department of Applied Mechanics, Illinois 
Institute of Technology. 
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at the Annual Meeting, New York, N. Y¥., Nov. 26-29, 1945, of Toe 
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Nore: Statements and opinions advanced in papers are to be 
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KR = characteristic angle of twist 
M = resultant torque in torsion problem 
P = resultant axial force in torsion problem 


INTRODUCTION 


The classical theory of elasticity involves two major approxima- 
tions, i.e., the assumption of “infinitesimal deformations,” and 
the linearization of the stress-strain relations. According to the 
first assumption, the space derivatives of the components of the 
displacement vector are considered small throughout the con- 
tinuum so that the squares and products of these quantities may 
be neglected. The second assumption is pronounced in the form 
of Hooke’s law. As a consequence of the foregoing approxima- 
tions, the homogeneous system of basic equations of the classical 
theory is linear and thus admits the superposition of solutions. 

Both hypotheses have been found useful for a wide variety of 
problems and elastic media. However, throughout the develop- 
ment of the theory of elasticity, problems have been encountered 
to which the linearization of the strain-displacement relations is 
not applicable. Hooke’s law, in turn, though adequately repre- 
sentative of the behavior of most elastic materials under small 
strains, is subject to similar limitations. As is well known, there 
are solids which obey the linear stress-strain law only for a very 
limited range of strain, or which fail to do so altogether; for ex- 
ample, cast iron, numerous minerals, cement, and concrete. For 
the reasons mentioned, various generalizations of the classical 
theory have long been suggested. Among the more recent con- 
tributions, those of F. D. Murnaghan and M. A. Biot must be 
mentioned especially. 

Most of the literature on nonlinear elasticity is primarily con- 
cerned with the treatment of finite deformations. In the present 
discussion the assumption of infinitesimal deformations is re- 
tained, whereas Hooke’s law is extended to a general second-order 
approximation of nonlinear stress-strain relations for the homo- 
geneous, isotropic medium. This extension is based on a 
generalization of the elastic potential, first introduced by W. 
Voigt.? There results a five-parameter theory of elasticity which 
contains the classical theory as a limiting case. This paper in- 
cludes applications to uniaxial tension and compression of cylin- 
ders, and to torsion of right circular cylinders. Particular 
emphasis is placed on the interpretation of the solutions given. 
The approach used here differs from that of Voigt as the partial 
linearization of the newly gained law of elasticity is abandoned. 


In this way there appear important second-order effects previ- 
ously unnoticed. 


EXTENSION OF ExLastic PoTENTIAL AND GENERALIZATION OF 


Hooke’s Law 


The mathematical formulation of the concept of elasticity is 
based on the principle of conservation of energy. From the 
viewpoint of the energy-conservation laws of thermodynamics 
the ideal elastic behavior of a medium in the isothermal or adia- 


: “Uber eine anscheinend nothwendige Erweiterung der Theorie 
der Elasticitit,’’ by W. Voigt, Annalen der Physik und Chemie, vol. 
52, 1894, pp. 536-555; see also, ‘Finite Deformations of an Elastie 
Solid,” by F. D. Murnaghan, American Journal of Mathematics, vol. 
59, 1937, pp. 235-260. 
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batic state, under the influence of surface and body forces, neces- 
sitates the existence of a strain-energy function.’ This strain- 
energy function, here denoted by W, in the case of a homogeneous 
medium is independent of the position vector and is assumed to 
depend exclusively on the components of the strain tensor and 
the temperature. Since the following discussion will be confined 
to isothermal conditions, any reference to the temperature may 
be omitted and W = Wee,,...Yzy)-+ +). 

The principle of virtual displacements, under the supposition 
of infinitesimal deformations, yields the components of stress as 
partial derivatives of W with respect to the cofresponding com- 
ponents of strain 


If the medium is isotropic, the elastic potential W must be 
invariant under orthogonal transformations of the co-ordinate 
system therefore depending solely on the invariants of the 
strain tensor; thus 

W = W(Ji, Je, Js) 


where 


= + Eyez + + + [2] 
€z 


Once W = W(Ji, Je, J3) is known, the stress-strain relations 
are generated by Equation [1]. Hypotheses as to the specific 
form of the strain-energy function must derive their ultimate 
justification from experiment. Assuming W to be an analytic 
function of the invariants of strain, the elastic potential is repre- 
sented by the power series 


W = A'J;? + + + + + ...... [3] 


where the coefficients A’, B’, A, B, C, etc., are parameters de- 
pending on the elastic properties of the medium. The omission 
of the constant term from the series [3] merely indicates the 
choice of the arbitrary zero level of W at the origin. The absence 
of the term linear in the components of strain, that is, involving 
J, alone, conforms to the conventional agreement that all com- 
ponents of stress vanish in the unstrained state. 

In the classical theory, where Hooke’s law is valid, the linear 
stress-strain relations are obtained as a first-order approximation 
by neglecting in the expansion for W, all terms of degree higher 
than two in ez, €,, etc. The elastic potential then appears as the 
homogeneous, quadratic form in the components of strain, W = 
A'J,? + B’Je. Thus the third-degree invariant J; does not enter 


W at all. The coefficients A’ and B’ are usually expressed in 
terms of Poisson’s ratio », and the modulus of rigidity G 
A'= 
1 — 27’ [4] 


If terms of higher degree are retained in the expansion for W, 
Equation [1] leads to a multiple constant nonlinear law of elas- 
ticity. Such an extension of the elastic potential is compatible 
with the assumption of infinitesimal deformations because of the 
influence of the new elastic constants. Moreover, it is warranted 
only if the esmmeciis | determined coefficients of the higher 


*See, for example, ‘‘A Treatise on the Mathematical Theory of 
Elasticity,”” by A. E. H. Love, fourth edition, Cambridge, 1934, chapt. 
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powers of ez, ¢,,... in the stress-strain relations, that is, the new 
elastic constants, are large compared to the geometric coefficients 
of the nonlinear terms in the exact strain-displacement relations. 

In the present treatment, as in Voigt’s paper,? all terms of W 
up to the third degree in e,, ¢,,... are taken into account. The 
number of independent elastic parameters is thus extended to 
five. The corresponding stress-strain relations represent the 
most general second-order law of elasticity consistent with the 
assumptions made. According to Equations [1], [2], [3], and 
[4], these stress-strain relations are 


v 


o, = 2G E (eg + + 3A(ez + 4, 


1 
+ «,)* + Ble,? + + + (Yzy? 
1 
4 rut) >... 


1 1 
Te, ™ Ble, + + €,) 4 


+ + + C (« 


Oy = = 


YysVer) 


The requirement of stable equilibrium of the medium in the 
unstrained state, in the classical theory, imposes the inequalities 


which are necessary and sufficient for the positive definite charac- 
ter of the quadratic form which represents the elastic potential in 
that case. Clearly, the foregoing inequalities remain necessary 
and sufficient for the positive definite character of the generalized 
W in a neighborhood of the origin. The new parameters A, B, 
and C, however, are not subject to any deductive limitations and 
in the absence of adequate experimental information, the discus- 
sion must proceed on the basis that these constants may assume 
any set of real values. 

Both the equations of equilibrium in terms of stresses, and the 
equations of compatibility in terms of strains, are unaffected by 
the generalization of Hooke’s law just given. An attempt to 
write these two systems of equations in terms of displacements 
and stresses, respectively, necessitates the solution of the stress- 
strain relations for the components of strain. This leads to 
highly inconvenient forms. 

Because of this difficulty, the semi-inverse approach, i.e., start- 
ing with displacements, will in general be advantageous. The 
procedure may be outlined as follows: Guided by the corre- 
sponding classical solution, an appropriate system of displace- 
ments is assumed and the components of strain are computed. 
The components of stress then follow from Equations [5]. These 
are introduced into the equations of equilibrium which are subject 
to the boundary conditions of the problem. One thus arrives, 
generally, at three nonlinear differential equations, the solution of 
which may require methods of approximation. Such approxima- 
tions will be based on the known classical solution in whose 
neighborhood the desired solution is bound to remain. 


UNIFORM TENSION AND COMPRESSION OF CYLINDERS 


The object of studying the uniaxial state of stress is to ex- 
amine the nature of the deviations from Hooke’s law to which the 
present generalization is adaptable. This application should, 
furthermore, indicate the physical significance of the elastic con- 
stants. 
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STERNBERG—NONLINEAR THEORY OF ELASTICITY WITH SMALL DEFORMATIONS 


Referring the state of stress to its principal axes, let 
Gg 


where s is the dimensionless axial normal stress, « the correspond- 
ing component of strain, and p the transverse component of 
strain. With 


Equations [5] now yield 


(3a + + (12a + 5b cleo + (12a + + 


2v 
2 
= Q.. [7] 
gs = 2e+ — (e +2p) + 3a(e + 2p)? + b(4ep + 5p?) + cp?. . [8] 


Equation [7] relates the axial and the transverse components of 
stress and will be called Poisson’s equation. The relation p = 
p(e; v, a, b, c) represents a four-parameter family of conics, each 
member of which passes through the origin. Fora = 6 =c = 0, 
Poisson’s equation reduces to the classical straight line p = —ve, 


which is tangential to the family at (« = 0,9 = 0). The meaning 
of vy is now given by » = = The Poisson curve is a hyper- 
€'«=0 


bola, parabola, or ellipse, according as the discriminant 
13b? + c? + 36ab + 10be + 24ac 2 0 


Elimination of p between Equations [7] and [8] leads to the 
stress-strain relation for the case of uniaxial tension or compres- 
sion. In general, s = s€) is irrational. The family of stress- 
strain curves s = s(e; v, a, 6, c) passes through (e = 0, s = 0), 


and at that point is tangential to the classical member s = : €. 


Here E is the modulus of elasticity of the linear theory, so that 
E = 2G(1 + v). The new meaning of Z is apparent from E = 
de 

ed 
valued. However, but one of the branches of the corresponding 


Both p = p(e) and s = s(e) are, in general, double- 


100s 
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curves conforms to p%=0) = 0 and s@=0) = 0 and is thus physi- 
cally significant. Furthermore ' 


p(e; v, a, b,c) = — p(—e; v, —a, —b, —e) 
8(e; v, a, b, c) s(—e; v, —a, —b, —¢) 


Hence, a reversal in sign of the new elastic constants gives rise to 
a reflection with respect to both co-ordinate axes of the Poisson 
curve as well as of the stress-strain curve. 

An exhaustive treatment of the two four-parameter families of 
curves under consideration is cumbersome and serves no par- 
ticular advantage from the viewpoint of the present discussion. 
Figs. 1 to 6, inclusive, show examples of Poisson curves and 
stress-strain curves for the hyperbolic, the parabolic, and the 
elliptic case referred to. It should be kept in mind that the 
values of v, a, b, and c used in these and subsequent examples are 
purely arbitrary and were chosen with a view to illustration only. 

The nature and magnitudes of the deviations from the classical 
straight lines depend on the new parameters a, b, and ¢ which 
largely determine the slopes and curvatures of the curves in ques- 
tion. The corresponding influence of » is of a higher order, since 
the variation of » is known to be relatively insignificant. The 
dependence of the ratio of lateral and axial strains on e is in 
agreement with results of tests performed on materials which do 
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Fie. 3 


Fic. 4 Srress-Srrain Curves, ParasBouic Case 


not obey Hooke’s law.‘ As a consequence of the second-order 
law of elasticity, p(¢) and s(e) are no longer odd functions, which 
implies a behavior in tension different from that in compression. 

It seems important that the extended elastic potential, in con- 
trast to the classical approach, leads to a natural breakdown of 
the theory beyond a critical range of strain. In this connection 
Figs. 3 to 6, inclusive, are particularly instructive. Here both 
p(e) and s(e) are real only for a finite interval of e, and stresses 
maintained at the levels corresponding to émax OF émin would have 

+ Uber das elastische Verhalten von Beton mit besondered Bertick- 


sichtigung der Querdehnungszahl, by H. Yoshida, J. Springer, Berlin, 
Germany, 1930. 


B=C=0 
veg 


Poisson Curves, PARABOLIC CaAsE 


to be interpreted as conditions of failure. For the homogeneous, 
dW 


uniaxial state of stress, = 
€ 


trema and the zeros of s(e) correspond to inflection points and 
relative extrema of W(e), respectively. Clearly, values of ¢ which 
imply W < 0 are again physically insignificant, and the equi- 
librium consistent with W = Wax is unstable (see, for example, 
Fig. 2). 

It is seen that the generalized elastic potential affords a charac- 
terization of the phenomenon of yielding and lends itself to a 
representation of the transition to the plastic range.’ This char- 
acterization is, however, purely descriptive in nature; an ex- 
planation of the phenomenon mentioned cannot be sought in the 
approach presented here. 


Hence the relative ex- 


TorsIon OF CrRCULAR CYLINDERS 


(a) Differential Equations and Boundary Conditions of Problem. 
Saint Venant torsion of circular cylinders has been treated in 
various ways under hypothesis of finite deformations. Seth‘ 
furthermore draws attention to the added importance of deter- 
mining higher-order effects arising in this problem because of their 
influence on the thermal and electrical conductivity of twisted 
wires. The treatment given by Voigt, on the basis of infinitesi- 
mal deformations and of the partially linearized second-order 
stress-strain law, leads to results which deviate essentially from 
those arrived at here. 

Let R and | denote the radius and the length, respectively, of 
the right circular cylinder. Let (r, 6, z) be cylindrical co-ordi- 
nates with the origin at the center of the base circle and the z-axis 
coincident with the geometric axis 6f the cylinder. Let (u, », w), 
(€,,..-r6,-..), and (o,,...779,...) denote the corresponding com- 
ponents of displacement, strain, and stress, respectively . 

Guided by the classical solution of the torsion problem as well 
as by considerations of symmetry, the displacement field is 
assumed as 


5 Qualitatively similar results have been obtained on the basis of 
finite deformations; see F. D. Murnaghan,? and “Finite Strain in 
Elastic Problems,” by B. R. Seth, Philosophical Transactions of the 
Royal Society of London, series A, vol. 234, 1934-1935, pp. 231-264. 

‘Zur Elastizititstheorie endlicher Verschiebungen,” by R. 
Kappus, Zeitschrift fur angewandte Mathematik und Mechanik, vol. 
19, 1939, pp. 271-285, and 344-361; also, ‘‘Elastizitatstheorie zweiter 
Ordnung mit Anwendungen,” by M. A. Biot, Zeitschrift fur ange- 
wandte Mathematik und Mechanik, vol. 20, 1940, pp. 89-99; B. R. 
Seth, loc. 
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Fie. 5 ,Porsson Curve, Exvuiptric Case 


where the functions u(,), 0%), and the constant @ are to be deter- 
mined consistent with the equations of equilibrium and the bound- 
ary conditions. The strain-displacement relations for infini- 
tesimal deformations now lead to the components of strain 


we (4—*) 2,7 = 9, Ye = 0.. [10] 
Tr 


In accordance with Equations [10], the stress-strain relations 
Equations [5] take the form 


du v du 
3A 
E 1 — r x) |+ 


In the absence of body forces, the equations of equilibrium are 


or r 00 oz r 

OT, 1 Ore. oa Tre 

_ = eeeeeeve 12 
or 00 oz + r 
Orre Orte | 0 
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The assumed system of displacements Equations [9] by aid of 
Saint Venant’s principle is adaptable to the following loading casse: 


Case 1: Pure torsion of a circular cylinder constrained against 
axial displacements of the end-sections. 

Case 2: Pure torsion of an unconstrained cylinder. 

The boundary conditions for Case 1 become 


{13a} 

(r= R) = O.. . [13¢] 

Ter (r=R) = Ter (2=0) = Ter(eml) = 0.... . [13d] 

Wiem0) = Weel) = O.................. [18f] 


where S denotes the region of the cross section, and M the magni- 
tude of each of the couples applied to the end sections. In Case 2, 
the boundary conditions are identical with Equations [13], except 
for the condition of constraint Equation [13f] which is to be re- 
placed by 


a=20, c=-20 


Fic. 6 Srress-Srrain Curve, Case 


oe 
du 
r dr ’ 
du be iv 
u2 u du u du 
4+ at +2-— + 8a- + 2a — 
r? r dr r dr Saar 
dg g 1 duu dg g 100s 
t9 = }z—- Bi —+-+ 2a 164 a=c-0 
dr 2 dr r dr : 
1, (dg 9 
—=-Cat— 
l2 
1 duu 1 du 
2 dr 2 10 
8 
4 B=0, vz 
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(6) Linearization. Upon substitution of Equations [11] into 
Equations [12], the last two of the equations of equilibrium are 
seen to be satisfied identically by 


With this determination of g, the first of Equations [12] be- 
comes 
dfdu,u 3(1—2») d 
(F+ “ +a) 
2(1— v) r r dr? dr r? 
= 8Fr..[15] 
where 
1 — 2v)(2b + 3c)K? 
[16] 


64(1 — 


Boundary conditions, Equations [13c] and [13d], are automati- 
cally satisfied for »v = Krz. Conditions Equations [13a, b, and 
f) are disposed of by means of @ and the two arbitrary constants 
appearing in the general solution of Equation [15]. Once u;r) is 
known, condition Equation [13e] is reached by determination of 
K. 

From the foregoing observations, it is clear that the present 
problem hinges upon the solution of Equation [15]. Equation 
{15] is an ordinary differential equation of the second order and 
degree. A solution conforming to ug=0) = 0 may be obtained 
by means of a power series expansion, or through Piccard’s 
method. In either case, the boundary conditions lead to trans- 
cendental equations in the constants of integration. 

There are, however, two special instances for which closed, 
exact solutions are readily established. If B = C = 0, the de- 
sired integral of Equation [15] is uw) = Kyr, K, being an arbitrary 
constant. Here, the solution both for Case 1 and Case 2 reduces 
to the well-known solution of the linear theory. Thus the pres- 
ence of A alone in the generalized elastic potential does not give 
rise to any deviation from the classical results. If, in turn, A = 
B = 0, Equation [15] becomes linear. The exact solution for 
this case is given later. 

In view of the difficulties inherent in the exact treatment of the 
general problem (A, B, and C present), it seems expedient to 
linearize the system of equations consisting of Equations [11] 
and [15]. The radial displacement u(r) and the axial component 
of strain @ vanish identically in the classical solution. Hence u, 

ar’ dr?’ 
may be regarded as small of the first order in the present solution 
which must remain in the neighborhood of the classical solution. 
One is thus led to neglect in Equations [11] and [15] all second- 
degree terms of the type described. 

It would be conceivable that the approximation suggested de- 
feats the very purpose of the problem under consideration, and 
leads back to the trivial solution of the linear theory. Such is 
not the case, since the new elastic constants B and C enter the 
linear right term of Equation [15]. The essential difference be- 
tween the linearized system and the corresponding system of 
equations of the linear theory of elasticity is that in the latter, 
Equation [15] is homogeneous whereas in the former it remains 
nonhomogeneous. 

Substitution of Equation [14] into Equation [11] and subse- 
quent linearization leads to 


and any products of these quantities with powers of r, 
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dr 


[17] 


Tr) = Ty, = 0 


Similarly, Equation [15] becomes 


d u 


The general solution of Equation [18] is 


ug) = Kir + + 

where K,, Ky are arbitrary constants, and Equation [13a] re- 
quires K, = 0. The constants AK, and a@ are determined by 
Equations [13b] and [13f]; the components of stress are then 
computed from Equation [17], and M = Mx) follows from 
Equation [13e]. The complete solutions for Case 1 and Case 2 
will be summarized. 

(c) Solutions. 


Case 1: 
[(2b — c) — 2v(2b + ¢)]. [19] 
G[2(1 — 2v)b — (1 + 2r)c]K? 
o, = 32(1 — ») (R? — r?).... [20] 
_ — 2v)b— (1 + 
32(1 — ») — 3r?).... [21] 
= { [4(2» — 1)b + + »[2(1 — 2v)b 
16(1 — 
— (1 + . . [22] 
Tr = Ty = 0 
ton = GK[(1 — — [23] 
where 
1 — 2» 
Ma = (2b + 3c)(4b + 3c) 
us = [2b — c — 2y(2b + c)](2b + c) 
The resultant axial reaction P = f f o,48, so that 
M = K[3 — + [26] 
u = Kir + = Kr, w = 0.........-- (27) 


where K, and F are given by Equations [19] and [16], respec- 
tively. 


A-58 
3 


STERNBERG—NONLINEAR THEORY OF ELASTICITY WITH SMALL DEFORMATIONS 


For A = B = 0, the foregoing solution is exact if Equation [22] 
is replaced by, and P is computed consistent with, 


vGcK* 
(1 — 
40060 — pt BP (1 + 2») [28] 
Case 2: 
[29] 
16(1 + ») 


2v)(1 + v)(2(1 — 2v)b — (1 + 2v)c}} [30] 
o, and og asin Equations [20] and [21]. 
G 


-—— — (2(] 


— 2v)b — 3vc]K2(R? — 2r?) 


Ter, aNd M asin Case 1, provided is replaced by 


4(1 — ») 


— 2y) 


(1+ 


us’ = ws + {((1 — 2v)b — ve]?. 


u= Kir + Fr3,v = Kr, w = az 


with A,, F, and @ as in Equations [30], [16], and [29], respec- 
tively. 

(d) Discussion of Results. If A = B = 0, the foregoing results 
for Case 1 and Case 2 reduce to the classical solution. The new 
elastic constant A does not appear in the approximate solution 
given, and thus the influence of A in the problem under con- 
sideration is of a higher order than that of BorC. The nonlinear 
characteristics of the material give rise to a modification of r62(r) 
and M(x), which now follow a parabolic law. In addition, there 
appear the ‘‘secondary”’ stresses ¢,, 09, and o, which vanish 
identically in the classical solution. 

The tangential displacement component v = Kr coincides with 
that of the linear problem; hence the unit angle of twist is again 
constant. The radial displacement u,), and the axial displace- 
ment wi,) of Case 2, are secondary in the foregoing sense. The 
cross sections remain circular but undergo a radial dilatation 
which, in Case 2, is accompanied by a uniform axial dilatation. 
The signs of the secondary components of stress and displacement, 
that is, whether they represent tension or compression, expansion 
or contraction, are governed by the relative values of the elastic 
constants », A, B, and C. The magnitudes of the deviations 
from the classical solution depend on these elastic constants 
and are proportional to the square or cube of the unit angle of 
twist in the approximation here considered. 

The formulas for the torque M = M(x), Equation [26], and for 
the shear stress 79. = ré:(r), Equation [23], require further and 
more detailed discussion. 

According to Equation [26], M = Mcxpr; r, a, #1, #2, us) Tepre- 
sents a family of cubical parabolas, each member of which passes 
through the origin, and is tangential at this point to the classical 
straight line M = GKIh. By Equation [6], G > 0 and —1< 


l 
v< 3 Furthermore, R > 0 and without loss of generality, K>0. 


1 
Since 2u, + 3u; < 0 is incompatible with » < 9 unless b=c=0, 


and excluding the classical case, one has 


A-59 


Hence by Equation [26] 
M (xr) = 0for KR= Oandfor KR = K,,M > 0for0 < KR < K, 


and M < Ofor Kyo < KR. M = Mmaz for KR = =e where K, = 


3 
————_—— and Kj is always real because of Equation [31]. 


Finally, M < for 0 < K. 

Thus, regardless of the values of R, », G, B, and C, the torque 
required to produce a prescribed angle of twist is less than that 
consistent with the linear solution. A typical Mcp) diagram is 
shown in Fig. 7. The question as to the physically significant 
range of KR must be decided by experiment. However, asin the 
case of uniform tension or compression an upper bound for this 
range is evident. 


is proportional to the total strain-energy, and clearly, values of 
KR which imply negative values of this integral must be ex- 
cluded. Furthermore, a torque maintained at the level of Mmax 
is to be interpreted as a condition of elastic failure, provided the 
corresponding angle of twist still belongs to the elastic range. 
In this way the breakdown of the theory, for strains beyond a 
critical range, is again seen to be inherent in the solution itself. 

For the reason just mentioned, the discussion of raz = T¢2(r) 
may be limited to 


Ko 1 


According to Equation [23], 
Ta: = The(r; K, R, G, wa, us) 
represents a family of parabolas passing through the origin. The 


parabolas degenerate into straight lines if and only if uw, = 0, 


—3 
that is, if either b = ¢ = 0 (classical case) or b = => ore = ~—" 
M 
5+ GR 


—c=0 


7 8 |OOKR 
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Fie. 7 Torston, DIMENSIONLESS TorRQUE VERSUS CHARACTERISTIC 
ANGLE oF Twist; Case 1 


ded 
J 

A 

| 
/ 
| 
2 
| 
pas 
0 2 3 4 5 6 


JOURNAL OF APPLIED MECHANICS 


A-60 MARCH, 1946 
Again excluding the degenerated cases, let ug # 0. It follows 100 Tez 
from Equation [6] that G 
1.0} 
The inequalities [31], [32], and [33] imply 09} 
[34] 
Observing Equation (23], now classify as follows: 07 
(A) ua > 0: 
= Oforr = Oandr = 7, ra, > Ofor0 < r < ro, < 0 for 06 
r > To, Te: = 762 max for r = where 
V3 
— 
(35) 
0. 3} 
Inequalities [32] and [33] imply ro > #, and thus a reversal of 
to: is impossible. If the characteristic angle of twist KR > goa! KRESS 
1 
then >R and in this instance r¢: is increas- 
ingforO0 <r <R. For larger values of KR, max is reached in- 
side the boundary. In either case, however, it is readily seen that - + ee + + 
Tézmax< GKR, regardless of the value of us. O1 03 04 25 06 O7 08 10 
(B) wz < 0, ws > 0: 
| ss 100: >0. 
rg: is increasing for0 < r < Rand re. < GKrfor0 <r< R. 
Since < 0, us < 0 is excluded by [33], the foregoing classifica- 2. b=0, c= +3003; 


tionisexhaustive. Thus, regardless of the values of R, v, G, B, C, 
and for all physically significant values of K, the maximum shear 
stress Té:max is less than that consistent with the linear theory. 
Since the foregoing discussion of M(x) and T¢:(r) remains valid if 
us is replaced by u;’, the conclusions apply equally to Case 2. 
Fig. 8 shows typical 7¢.(r) curves. 

* Although the error depends on the value of C, it is of some 
interest to compare the exact solution for A = B = 0, Case 1, 
with the approximate solution based on the linearization: for 
C = 100G, KR = ot y= ; the discrepancy in the values of ozmax 
is approximately 1.3 per cent. In connection with Case 2, it 
should further be observed that a measurement of the radial 
dilatation up) and the axial dilatation wi) would suffice for the 
determination of the new elastic constants B and C. However, 
in general, these secondary displacements may be expected to be 
so small as to render accurate measurements impracticable. 


3...V=q, b=-100, c=!003; p,<0, 0. 


Fic. 8 Torsion, DistripuTion or SHEAR STRESS 762; CASE 1 


In the solution given by Voigt,? J/(,) and re) are identical 
with the classical solution because of the particular, and appar- 
ently too strong, linearization employed there. In view of the 
present results, Voigt’s general assertion that the angle of twist 
remains a linear function of the torque, even upon application of 
the extended elastic potential, must be considered erroneous. 
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Compressible Flows Obtainable From Two- 


Dimensional Flows Through the Addition 
of a Constant Normal Velocity 


By H. PORITSKY,! SCHENECTADY, N. Y. 


This paper demonstrates that exact solutions of the flow 
of compressible fluids can be obtained by starting with 
two-dimensional steady-state flows and superposing upon 
them a velocity of constant magnitude and direction at 
right angles to the planes of the two-dimensional flows, 
while at the same time, the pressure, density, and tem- 
perature of the fluid at each point are unchanged. The 
procedure is demonstrated by several examples, one of 
which is of interest in connection with the discharge of 
exhaust gases from a gas engine through the tail cone and 
tail pipe in cases where the circulation has not been com- 
pletely removed from the flow. Another example is the 
flow around a “‘sweepback”’ or ‘‘arrow’’ wing. This ex- 
ample is illustrated for supersonic flows on plane oblique 
shocks and on the Meyer-Prandt] expansion around an 
edge. 


INTRODUCTION 


INCE comparatively few solutions of the problem of flow 
S of compressible fluids at velocities comparable with sonic 

velocities are available, it is of interest to work out whatever 
simple examples can be furnished by theory to illustrate such 
flows. In the following it is shown that exact solutions of the 
flow of compressible fluids can be obtained by starting with two- 
dimensional steady-state flows and superposing upon them a 
velocity of constant magnitude and direction at right angles 
to the planes of the two-dimensional flow, while at the same time 
the pressure, density, and temperature of the fluid at each point 
are unchanged. 

This procedure is illustrated by several examples. The first 
one is the two-dimensional compressible fluid flow furnished by a 
“‘vortex-source”’ or ‘‘vortex-sink;” the velocity distribution for 
this has been worked out by Binnie and Hooker, (1),? while the 
aspect of the flow lines is given by Ringleb, (2). The resulting 
three-dimensional flow, obtained by adding a constant axial 
velocity, is a flow which spirals about an axis and converges or 
diverges; it is of interest in connection with the discharge of ex- 
haust gases from a gas engine through the tail cone and tail pipe 
in cases where the circulation has not been completely removed 
from the flow. 

Another example of nontrivial flows, obtained from two- 
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dimensional flows by the superposition of a constant normal 
velocity, is the flow around a “sweepback” or “arrow” wing. 
It is shown that by starting with the normal flow around a wing 
and superposing a constant velocity parallel to the span of the 
wing, one obtains the flow around a wing whose span is oblique 
to the flow vector, provided that the viscosity phenomena within 
the boundary layer be neglected. A sweepback wing is 
known to possess much higher stalling speeds at high Mach 
numbers and is of great interest in connection with high-speed 
aircraft. 

The foregoing example is illustrated for supersonic flows on 
plane oblique shocks and on the Meyer-Prandt] expansion around 
an edge. It is shown that by superposing a normal velocity com- 
ponent on these well-known solutions, one obtains a compression 
shock and an expansion flow such as would occur to each side of a 
thin plate bounded by a straight edge placed so that its edge is 
oblique to the velocity vector of a supersonic stream. 


ADDITION OF CoNSTANT NORMAL VELOCITY COMPONENT TO 
Two-DIMENSIONAL FLows 


A constant velocity component 
v, = V = const (in time and space)............ [1 } 


if added to a two-dimensional fluid flow of a compressible fluid, 
will result in a possible flow of that fluid. By a two-dimensional 
flow is meant a flow for which v, = 0, and for which the velocity 
components v,, v,, and the pressure p, density p, and temperature 
T depend on z and y only. At the same time, we assume that 
p, ep, T are not affected by the addition of the constant velocity 
component [1]. 

To prove the foregoing statement, we proceed to show that the 
equations of the fluid motion are still satisfied. We thus com- 
pare two cases, one of a two-dimensional flow F of a fluid in 
adiabatic compression, the other, a similar flow F’, but with the 
constant axial velocity V added. For the flow F’, the compo- 
nents of velocity v, and v,, and the pressure p, density p, tem- 
perature 7 are exactly the same functions of z and y as for F, 
and they are thus independent of z just as in the latter case. 
However, the aspect of the field of flow is different because of the 
addition of V in the z-direction. 

The fluid-flow equations comprise the equation of continuity 


Op re) ra) 
+ (pv,) + (ory) + [2] 


the dynamical equations 


ot * da dy * dz p oa 
ov, ov, 1 Op 

ov, ov, ov, ov, 1 Op 
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Fig. 1 


and the assumption of an isentropic relation 


Po 


between the pressure and density. For the two-dimensional flow 
F the last term on the left side of Equation (2] vanishes due to 
v, being zero; for the modified flow F’ it becomes 


_ 
oz oz 


and vanishes due to the fact that p is independent of z. Hence 
Equation [2] is still satisfied. Similarly the terms », dv,/dz, 
v, Ov,/dz in the first two Equations [3] vanish both for F and 
F’, and every term in the first two Equations [3] retains its value 
in passing from F to F’. As regards the third Equation [3], its 
terms still vanish due to the constancy of v, in time and space 
and to the vanishing of dp/dz. 

An alternative proof is offered by referring the two-dimen- 
sional flow F to a set of axes, which are translated uniformly in 
the direction of the z-axis with velocity —V. Such a change of 
axes leads from one Newtonian system to another and does not 
affect the accelerations of the fluid particles; on the other hand 
the quantities, p, 7, being static (that is, relative to a system 
moving with the local gas velocity) are not affected by the change 
of axes. 

While in the foregoing we have neglected the effects of viscous 
(as well as of turbulent) shears, no assumption has been made 
in regard to whether the flow F possesses a scalar potential or not, 
that is, whether it is irrotational or not. If the two-dimensional] 
flow is irrotational so that it possesses a velocity potential @ such 
that 


then the addition of a constant », still leads to an irrotaticnal 
field with 


as its velocity potential. On the other hand, if the flow possesses 
vorticity so that no scalar velocity potential ¢ exists, then the 
addition of a constant v, does not affect the vorticity either in 
magnitude or direction. 

Under the assumptions of irrotationality, the Bernoulli equa- 
tion 
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2 
a + : + P(p) = const 


ol 
d 
P(p) = J = 
p 


follows from Equations [3], [4]. For steady flow this can be 
written as 


v? P dp 
P(p) = 0, P(p) = rdp ... [8] 
po P Pe 


where +r = 1/p is the specific volume and py the “stagnation 
pressure,’’ that is, the pressure from which a gas at rest can be 
expanded isentropically to acquire a velocity v. While the same 
(p, e) curve obtains for the original motion and for the modified 
motion, the pressure po is different for F, F’ since v?/2 differs 
by the constant amount V?/2. The shaded areas in Fig. 1 
represent the values of v?/2 for the two-dimensiona) and the 
modified flows. 

It may be shown that the inclusion of viscosity tern.s in the 
equations of motion does not affect the main conclusion reached 
in the foregoing. However, the boundary condition of zero slip 
has to be examined independently for F and F’ 


Fig 2 


APPLICATION TO A COMPRESSIBLE VORTEX SOURCE AND SINK 


The flow lines of a compressible vorteg source or sink may be 
found in Ringleb (2) and are reproduced here as Fig. 2. Two 
sets of flow lines are shown, one drawn as solid lines, the other as 
broken lines: they correspond to the two possible flows, one in 
which the velocity vanishes at infinity, the other one where it is 
everywhere supersonic, and the flow, if outward, is ever expand- 
ing. They are referred to as “converging” and “diverging” 
flows, respectively. Both flows are characterized by a natural 
boundary, a cylindrical surface at which the radial velocity com- 
ponent is equal to the local sound velocity (and the flow lines in 
the hodograph plane become tangent to the characteristics). 

Addition of a constant velocity v, = V results in spiraling 
streamlines whose projection on the (z, y) plane have the same 
general aspect as in Fig. 2. The flow lines lie on proper surfaces 
of rotation any two of which may be regarded as possible bounda- 
ries. We proceed to plot the section of these surfaces made by 
an axial plane; these sections are obtained by neglecting the 
vortex component of velocity vg and plotting a curve by means of 
the relation 


=f 
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PORITSKY—COMPRESSIBLE FLOWS OBTAINABLE BY ADDITION OF CONSTANT VELOCITY 


Binnie and Hooker tabulate and plot the velocity of the two- 
dimensional vortex source by utilizing the ratios 


R = r/r* 
[10] 


where r* is the radius at which the fluid velocity for the con- 
verging flow is equal to the local velocity of sound a*. They 
consider the special case of convergent flow for which the stream- 
lines make an angle of 45 deg with the circle R = 1 so that atr = 
r* vo, = v9 = a*/4/2. Thelimit circle (cylinder) is given by R = 
0.946. We shall consider the same case. 

Utilizing the Binnie-Hooker equations and introducing V,, 
V, as a ratio of »,, v, to a* (even though r* is no longer the radius 
at which the fluid velocity is equal to the local sound velocity), 
and Z as the ratio z/r, the following cases 


V, = V/a* = 0.05, 0.1, 0.5 


were examined for the convergent flow and are plotted in Fig. 3. 
The procedure followed in obtaining these consisted in subtract- 
ing from the two-dimensional resultant velocity @ the tangential 
component Vg = +/2/R leading to 


then dividing by the proper V, to obtain the ratio dR/dZ and 
plotting a curve with the slope dZ/dR. 
Writing Equation [9] in the form 


m ~ Va 


it will be seen that the curves in Fig. 3 can be obtained from each 
other by proper ‘‘stretching”’ or ‘‘compression’”’ in the z-direction 
of any one curve. 


9 


~ 


Fic. 3 
For large R, the flow resembles incompressible flow so that 
thus reducing Equations [12] to 


that is, to parabolic shape. Only a two-parameter family of 
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shapes can be obtained by the present method (by varying 
Vr/Voeand Vg/V,at R = 1). The outer and inner boundaries 
of the flow field are of the same shape. These restrictions are 
due to an inherent limitation of the method which does not allow 
variation of V, with r. 
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Fig. 4 shows a similar (r, z) curve for the Binnie-Hooker ex- 
ample for the expanding flow and for 


V, = V/a* = 0.5, 1,2 


These curves show very little curvature and now a conical sur- 
face is obtained at R = o, 


SwEEPBACK OR ARROW WINGS 


As a second application of the procedure for obtaining flows 
described in the first two sections, we consider the flow around 
“sweepback” or “‘arrow’’ wings, that is, around a pair of wings 
whose spans are inclined at an angle + ¢o toward the main flow. 
It is known that with such wings higher Mach numbers may be 
attained before the onset of the “‘compressibility burble’’ with 
its resulting loss of lift and increase in drag. 

Let o be the angle of sweepback of a wing, and suppose that 
it is of infinite span, and that it is placed in a stream of velocity U. 
Resolve U into components U cos a, U sin o normal to the wing 
span and parallel to it. Consider first the flow F corresponding 
to the velocity 


normal to the wing span, and let F’ be the flow obtained from 
F by the addition of the component 


tangential to that span; then F’ will represent the flow relative 
to the sweepback type of wing, provided the boundary-layer 
phenomena are negligible. As shown in the second section, the 
pressures for F and F’ at corresponding points are equal. We 
thus arrive at the conclusion that the lift and drag experienced 
by a long wing of sweepback angle ¢ in a stream of velocity U is 
the same as that of the same wing in a stream of velocity U 
cos o flowing normally to the wing span, the vectors correspond- 
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ing to U, U cos o, and the wing span being coplanar. In equa- 
tion form 
L(U) = L(U cos), 
D(U) = cose cose) 


where L is the lift, D the drag, as functions of the speed, and 
bars indicate sweepback. The factor cos o in the last term is 
due to the fact that the drag of the normal wing is normal to the 
wing and only the component of D in the direction of the main 
flow U is the drag proper, the other component tending to col- 
lapse the wing. Assuming similarly that the loss of lift and 
increased drag of F are not affected by the addition of the 
tangential velocity, it follows that 


where Ucr, Ucr refer to the critical velocities of the inclined and 
of the normal wing, respectively. 

Equations [17] are valid particularly at supersonic speeds 
where the drag is due primarily to wave resistance and not to 
boundary-layer phenomena. At subsonic speeds this is not the 
case. Assuming that the boundary-layer phenomena are de- 
termined by the pressure and velocities of the flow of a perfect 
compressible flow outside a thin boundary layer, we see that in 
comparing the normal and sweepback wings with their flows F, 
F’, it will be found that the pressures at corresponding points 
are the same, but the velocities for the flow F’ are larger than 
for the flow F. No simple relation between the boundary 
layers of the flows F, F’ can be established, even if the sidewise 
acceleration of F’ be neglected. While the pressure gradients 
inside the F boundary layer are smaller, this is made up for by 
added length of flow lines and (if the boundary-layer thickness is 
assumed to be the same) by increased viscous drag. It is 
therefore not surprising that while experimentally higher stall- 
ing speeds are observed with sweepback wings, the critical 
speeds do not increase as predicted by Equation [18]. Of 
course, further discrepancies between the theory outlined and 
actual tests are to be expected due to the finite span of an actual 
wing with the resulting interference at the fuselage or betwéen 
the two wings at their intersection in case there is no fuselage, 
and at the wing tips. 


OBLIQUE PLANE SHOCK 


As an application of the theory, we will consider in this section 
and the following the flow taking place at the leading edge of a 
thin flat plate (or flat wing) placed in a supersonic stream so that 
it is inclined to the direction of flow and so that its leading edge 
is oblique to the flow. On the compression side an oblique plane 
shock takes place which will now be discussed; the expansion 
on the other side will be treated in the next section. 

Rankine and Hugoniot developed the equations for a normal 
plane shock, ‘ based on continuity of mass, momentum, and energy 
considerations, and Meyer developed the corresponding relations 
for an oblique plane shock.’ The resulting relations are repre- 
sented in (3) as curves of constant pressure ratios r = p2/py, y 
= pi/po in an (a, B-a) plane, where as shown in Fig. 5, a, 8 are 
the angles between the velocity vectors before and after the 
shock, and the normal to the plane of the shock; p;, pz the pres- 
sures before and after the shock; po the stagnation pressure prior 
to the shock. In passing through the shock the gas suffers 
an increase in entropy through the conversion of some of the 


3 Since this was written, it has been pointed out to the author 
that the present theory of an oblique wing has been anticipated by 
Betz and others in Germany. 

4 See, for instance, reference (3), p. 217; reference (4), p. 325. 

& Reference (3), p. 237; reference (4), p. 330. 
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kinetic energy of the normal velocity into heat energy. As a 
result, the gas acquires a different stagnation pressure p;. The 
ratio z = p3/po may be found from (3), where curves of constant 
y are plotted in an (z, z) plane. 

We consider now a shock produced by a thin plate whose 
straight-edge boundary is placed obliquely to the stream flow. As 
shown in Fig. 6, we choose the z-axis in the direction of flow, 
and let the (2, y) plane ABCD contain EF, the edge of the plate 
EFGH. Leto be the angle of sweepback between EF and the 
y-axis, and let w be the angle between the plate EFGH and 
the (z, y) plane. 

Let U, p, be the velocity and pressure of the gas stream under 
consideration. We introduce the flow F as the flow of velocity 


normal to the z-axis and to the edge EF and pressure p; imping- 
ing on the plate EFGH at an angle of attack w. From the 
Meyer relations and the curves in (3), the plane of shock EIFJ, 
the pressure p:, and velocity U,: are determined. The flow F’ 
is now obtained by leaving the planes EFGH, EFJI unchanged, 
superposing the velocity component 


parallel to the edge EF on the flow to each side of the plane of 
shock EFGH, and leaving p;, p: (and the densities p;, ps and 
temperatures 7, 72) unchanged. To justify this procedure 
one cannot apply the arguments of the second section, since the 
flow is actually discontinuous and no longer isentropic. The 
justification follows directly by noting that the equations of con- 
servation of mass, of momentum, and energy across the plane 
of shock in the flow F are still satisfied after the addition of the 
component U sin o leading to F’. 

It will be noted that the static pressure po, (as well as the stag- 
nation pressure p; for F beyond the plane of shock) are no longer 
true stagnation pressures for the flow F’. A direct expression 
of these quantities in terms of the two geometric angles w, ¢ might 
be of interest. 

It is of interest to point out that the Meyer equations for 
oblique shock (for « = 0) may be derived from the normal shock 
by the similar procedure of addition of the tangential velocity 


PLANE OF 


1, 
/ 
we Box 
U, ~ 
Ne~w/ 
Fic. 5 
A 
F 
F:U, pp, 


; 
‘ 
ty 
1 
~ 
SHOCK 
% 
=> 
—— 
X 
D 
A 
Fic. 6 
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component ¢ to the discontinuous normal components m, nz to 
each side of the plane of shock. 

It will be recalled that if w is large and U,, though supersonic, 
is close to sonic velocity, the shock equations of Meyer yield no 
solution. Under these conditions, the shock produced by a 
wedge of angle 2w placed symmetrically in a supersonic flow U, 
differs considerably from the Meyer type; it is detached from the 
wedge; it has a curved shock locus with variable entropy increase 
along different stream lines; along the flow line through the corner 
(edge) of the wedge it is normal to flow. To the author’s knowl- 
edge this flow has not been derived analytically, though many 
excellent schlieren figures of it are available in the literature. 
It may happen that U; in Equation [19] and w fall in this range; 
the flow F’ can still be derived from F by the addition of U sina, 
but until more knowledge of the flow of the subsonic region of 
F becomes available, the foregoing is but an empty statement. 
However, even in the present state of the art, the range of ve- 
locities and angles within which this happens can be determined, 
though by the rather awkward procedure of looking for a solu- 
tion of a different type (Mever shock for U; = U cos a) and find- 
ing that it does not exist. 


OBLIQUE PRANDTL-MEYER EXPANSION AROUND AN EDGE 


A complete treatment of the two-dimensional expansion flow 
around a corner is given in (3)* and (4). The velocity as well 
as the pressure is constant along each of a family of straight lines 


© Reference (3), p. 243; reference (4), p. 312. 
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through the origin (that is, planes through the edge); in the 
hodograph plane the velocity vector describes a characteristic 
curve, i.e., an epicycloid. 

Addition of a constant velocity component parallel to the edge 
to the flow F permits one to handle flows F’ which constitute an 
expansion around an edge of a dihedral angle of an oblique super- 
sonic stream. The velocity and pressure are still constant over 
planes through the edge. In the hodograph space the velocity 
vector describes a plane curve (epicycloid) lying in a plane normal 
to the edge. 

The oblique shocks of the preceding section and the oblique 
expansion around an edge can be utilized to obtain many features 
of the flow around a polyhedron placed in a supersonic stream, 
since this theory may be applied even when the successive edges 
encountered by the (bent) stream lines are not parallel to each 
other. However, at the vertices of the polyhedral angles, fea- 
tures not covered by this analysis arise at the juncture of the 
various regimes F’, 
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Discussion 


Bending of Thin Curved Tubes’ 


ArtHuR McCutcuHan.? The author has rederived expressions 
to account for the greater flexibility of curved tubes subjected to 
bending both in the plane of the bend and perpendicular to the 
plane of the bend. Similar derivations by Wahl (1), Hovgaard 
(2), and Vigness (3) have been published. Experimental veri- 
fication of the greater flexibility of curved pipe has been pre- 
sented by Wahl, Hovgaard, Vigness, and by Cope and Wert (4). 

The range of curved tubes or pipes encountered in usual pip- 
ing practice embraces values of the author’s K expression above 
0.075. The deflections in the plane of the bend found by tests 
described in the references cited verify the von Kadrmdan for- 
mulas hence support the author’s results as given in curves 1 
and 7, Fig. 3 of the paper, for values of K above 0.075. (Note 
that AK in this paper corresponds approximately to h/3.3 in 
Wahl’s and Hovgaard’s papers and that D corresponds to K or 
1/K of those papers.) 

For values of the author’s K from 0.01 to 0.075, it would seem 
that some test substantiation that the author’s curve 1 is prefera- 
ble to the von Karmén’s curve 2 is required. A difference of 
5 to 1 in the flexibility factor D at the lower extremity of the K 
values is too great to accept without such proof. 

The author’s conclusion that the coefficient of deflection D 
also applies to bending perpendicular to the plane of the bend is 
not supported by the tests reported by Vigness (3). Curved 
tubes loaded by sidewise forces, torsion, or bending deflect more 
than solid sections due to flattening of the cross section at 45 deg 
to the plane of the bend, but the ratio is not the same as obtains 
in the case of bending in the plane of the bend. 

If the author has some experimental evidence which can be 
given in support of his theoretical derivations, it would seem de- 
sirable to include it in the closure to his paper. 
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P. S. Symonps‘ anp Irwin Vicngss.‘ This paper presents a 


new solution to what is by now an old problem. The flexibility _ 


and stress-intensification factors which occur in curved tubes 
bent in the plane of curvature have been determined by von 
K4rmén® and Hovgaard.* Their results are routinely used by 


1 By Leon Beskin, published in the March, 1945, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 67, p. A-1. 

2 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Jun. A.S.M.E. 

3 Numbers in parentheses refer to the Bibliography at the end of 
this discussion. 

4 Mechanics and Electricity Division, Naval Research Labora- 
tory, Anacostia Station, Washington, D.C. 

‘Uber die Formanderung diinnwandiger Roéhre,” by Th. von 
K4rmAn, Zeitschrift des Vereines deutscher Ingenieure, vol. 55, 1911, 
p. 1889. 

*See McCutchan’s bibliography reference (2). 


engineers in the design of high-temperature high-pressure piping 
systems.? A recent paper by one of the writers has extended the 
theory to bending out of the plane of curvature, to the same 
degree of approximation as that of von Karman and Hovgaard. 

Most of these solutions are expressed in terms of trigonometric 
series which converge rapidly. For tubes of commonly used wall 
thicknesses and bend radii, sufficient accuracy is usually ob- 
tained by neglecting all but the first term of the trigonometric 
series. Experimental results** show that the assumption that 
the bend radius is very large compared to the tube radius (made 
in all these solutions), as well as other simplifying approximations, 
are valid for bends of radii greater than 4 or 5 pipe diam. 

When the quantity \ = tR/a? (where t = wall thickness, R = 
bend radius, a = tube radius) is less than about 0.5, it is neces- 
sary to keep more than one term of the trigonometric series used 
in the solution. This was done by von Karman in his original 
paper, in which results are given corresponding to 2- and 3-term 
solutions, and valid fer \ 2 about 0.1. Jenks® later presented 
values obtained by the use of sufficient terms to make them 
applicable to \ 2 0.05. No derivation or experimental verifica- 
tion was given by Jenks, but his values were apparently ob- 
tained under the same assumption as von Kadrman ss, namely, 
that the bend radius is very large compared to the tube radius. 
When this condition is not satisfied, as, for example, in pipes 
having ratios R/a equal to 3 or 2, then these results may not be 
correct even though d is sufficiently large. Calculations have been 
made by one of the writers, in which von KaérmAn’s analysis was 
followed, but without neglecting a/R. The values of flexibility 
and stress factors for R/a = 3 and 2 were found to differ only 
slightly from each other and from those obtained by von Kdérmdan 
and Jenks. These results are plotted in Fig. 1 of this discussion, 
together with the curve given by Beskin, using the more familiar 
notation \ rather than Beskin’s K. 

Unfortunately, while it is convenient to use these theoretical 


’*7 “Piping Handbook,” by J. H. Walker and Sabin Crocker, Mc- 
Graw-Hill Book Company, Inc., New York, N. Y., 1939, chapt. 7. 

§ “Elastic Properties of Curved Tubes,’ by Irwin Vigness, Trans. 
A.S.M.E., vol. 65, 1943, p. 105. 

® Discussion by H E. Jenks of paper, ‘Design of Steam Piping to 
Care for Expansion,’’ by W. H. Shipman, Trans. A.S.M.E., vol. 51, 
1929, paper FSP-51-52. 
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DISCUSSION 


values, it must be recognized when working with short-radius 
bends that the actual flexibility factor depends greatly upon the 
type of restraints at the ends of the bends, which have been 
neglected in all of the theories. As an example, the experimental 
values of the flexibility factors (for pure bending in the plane of 
the bend) are given in the following table for tube bends having 
R/a = 3, = 0.048: 


Bend Flexibility factor 
180° Bend with long tangents........... 
90° Bend with tangents....... 
90° Bend with flange at one end...... x ee 18 
90° Bend with flange at both ends. . os 8 


In the case of bending transverse to the plane of the bend, the 
measured flexibility factors are found to depend to an important 
extent upon how the loading is applied, and which deflection is 
measured (of the two major rotations and the displacement), 
as well as upon the end restraints. Considerable work has been 
done recently at the writers’ laboratory on these problems, com- 
plete results of which will be published as soon as possible. 

In examining the author’s analysis, the following additional 
comments have occurred to us: 

1 The “exactness” of the author’s solutions should be quali- 
fied more explicitly than the author has done in his ‘‘Introduc- 
tion.”’ It is evident that fundamental approximations have 
been made in writing the strain-energy Equations [5] and [36] 
(applying to bending in the plane of the bend and transverse to 
this plane, respectively). In the in-plane bending case, for 
example, the assumptions are made, but not stated, that strain- 
energy terms, due to a transverse normal stress flow, due to any 
shear stresses, and due to axial local bending moments, are 
negligible in comparison with those arising from the longi- 
tudinal normal stress and the transverse local bending moments. 
In the transverse bending case, these assumptions, together with 
others, are also tacitly made. Most of these assumptions are 
plausible and probably justified, although some of those apply- 
ing to transverse bending seem to be erroneous, according to 
experimental work that has been done at this laboratory. Solu- 
tions of this type can be shown to be sufficiently exact for any 
given purpose only by either (a) showing that, as more complete 
energy expressions are used, negligible changes in the final results 
are obtained, or (b) comparing results with those obtained ex- 
perimentally. In this case probably only the latter test is prac- 
ticable; such comparisons are cited by previous investigators 
(von Kérmaén, Hovgaard, Vigness, and others.) Mr. Beskin’s 
analysis (particularly that for bending out of the plane of the 
bend) would have been more convincing if he had applied either of 
these tests. 

2 We would appreciate having some additional information 
as to the meaning of the author’s Equations [21], [22], [23], and 
{26}, which are given as the equilibrium equations for an ele- 
ment of the tube wall in the transverse-bending case. The first 
three equations are readily derived for an element of sides 
adé and (R — a cos 6)d@ acted upon by the normal stress flows 
ng, m4, by thé shear stress flow q (“along meridians and paral- 
lels”), by a local transverse bending moment m, and by the 
fictitious normal pressure W. However, the fourth equation of 
equilibrium for this stress system is 


tm (R = 0 


Instead of this, the author quotes ‘‘the well-known relation for a 
circle,” Equation [25], which he then modifies to take account of 
the variation of the element length around the circumference of 
the tube, obtaining Equation [26]. But Equations [25] and 


[26] pertain to a quite different set of stress flows, namely, that 
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consisting of ng, m, W and a radial shear flow Vg on the sides 
(R —acos@)dp. By combining the four equilibrium equations of 
the element acted on by this system one obtains readily Equa- 
tion [26]. This new system, however, does not yield Equations 
(21], [23] nor does the first system lead to Equation [26], in any 
way we have been able to discover. Further explanation of 
these equations would be helpful, in addition to the author’s 
statement that “‘torsion and bending between adjacent sections 
are neglected.” 

3 As mentioned, experimental work done at the writers’ 
laboratory indicates that some of the assumptions made in the 
analysis for the transverse-bending case are of questionable 
validity. In pure transverse bending, as the author says, all 
stresses are functions of both @ and @. He then eliminates ¢ by 
assuming that ‘“‘all flows and moments are of the same type as 
Mpzand Thus for the case Mg = M cos¢, Mr = M sing, 
he writes g (@, ¢) = q(@) sin ¢, while ne, ng, m, and W are all 
taken as proportional to cos ¢. 

This assumption, that stresses and displacements are propor- 
tional only to the corresponding moment, is a natural one, 
and one which we have made in our work. However, we have 
made many measurements of the diameter changes of 90-deg 
and 180-deg tube turns loaded so that the bending moment 
vanishes at either the one end or at both ends. All of these 
measurements show that the diameter change, as one goes 
around the bend, is not simply proportional to the bending 
moment. At the end of the bend where the bending moment 
is zero, the diameter change may be as much as !/; or !/2 of the 
maximum value in the: bend. This has a large effect on the 
deflection of the bend. These and many other tests we have 
made indicate that the simple concept of flexibility factor, as 
used by pipe-stress analysts, and as defined again by the author, 
is no longer applicable when a short-radius tube turn is loaded 
transversely. It is hoped that descriptions of these tests and 
analytical work will be published soon. 

4 We are not clear what the third section of the paper, en- 
titled, ‘‘ Validity of Assumption That Ratio R/a Is Great—Correc- 
tions for Small Values of R/a,” proves in regard to the bending 
of thin-walled curved tubes. It is, we believe, well known that 
in a solid curved bar, of thin rectangular section, the hyperbolic 
theory agrees well with the exact solution, both as to the maxi- 
mum stresses and, the bar deflection, even when R/a is as small 
as 2, while the linear-stress theory disagrees considerably in 
maximum stress values (about 35 per cent in error for R/a = 2), 
but is not so far off in the deflection values (about 5 per cent in 
error for R/a = 2). 

We question whether these facts are a demonstration that a 
theory of thin-walled tubes which neglects “difference of length 
along the inner and outer circumferences” will be satisfactory 
with respect to deflections, but unsatisfactory with respect to 
stresses. While the errors could hardly be less than these, 
they might be much greater. The significant mechanism causing 
the increased flexibility of a thin-walled curved tube is the def- 
ormation of the cross section, and the resultant complete re- 
distribution of stresses over the circumference. The effect of this 
redistribution is quite different from that of the redistribution of 
stresses which takes place in a solid curved bar. Hence it is 
difficult to see the application of the author’s comparison with 
solid-bar results. As pointed out previously, the only convince- 
ing argument is either a more complete theoretical analysis of the 
actual problem, or experimental verification. 

AvutHor’s CLOSURE 


It is extremely regrettable that Mr. McCutchan has not ex- 
amined thoroughly the difference between the methods con- 


pate 
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sidered in the present paper and the preceding literature. A 
comparison is made herein. 

1 The von Kdrmdén theory has been derived from the same 
hypotheses as the author’s theory, the only difference residing in 
the accuracy of the mathematical derivation. As pointed out in 
the author’s paper, von Kdrmdan has assumed that a 2- or 3-term 
expression may be used to represent the stress distribution. The 
author has used a series development, which enabled him to 
limit the error to any predetermined value. This method has 
shown that von Kaérmdén’s expression is valid in all the useful 
range of tube proportions, assuming that the physical hypothe- 
ses introduced either by von Kaérmén or by the author are justi- 
fied. This justification is given by tests made in a fairly wide 
range, which validate both methods. Since von Kaérman’s re- 
sults represent a first approximation of the author’s results, the 
latter should be used in all the cases where there is a discrepancy 
between the two theories. However, the author’s results may 
become incorrect if the physical and mathematical assumptions 
made by both von Kaérmdén and the author are not satisfied. 
The author has already pointed out that the radius of curvature 
must be at least double that of the tube radius. In addition, the 
wall thickness must be sufficient to avoid lccal instability, a 
condition which defines an upper limit of the ratio a/t. 

These considerations show why Mr. McCutchan is misled 
when he requires test to decide which, of von Karmdan’s results or 
the author’s, must be considered as correct. 

2 Mr. McCutchan makes a still greater error when he op- 
poses the tests reported by Vigness” with the author’s theoretical 
results. In the summary of his paper,:Vigness!! clearly indi- 
cates ‘‘A flexibility factor is obtained which is identical with that 
found for the bending of pipe in the plane of its bend.” Fur- 
ther, Vigness!? reproduces (Equations [3] and [35]) von Kaérman’s 
formula and states: ‘The rigidity factor is identical to that 
derived by von Kaérman and Hovgaard for bending in the plane 
of the bend. It may now be applied generally to the flexural 
rigidity of tubes.”” The tests presented by Vigness confirm these 
conclusions, as it results directly from his Tables 3 and 4. This 
confirms the author’s results, since the latter are nearly identical 
to Vigness-von K4rm4n expressions for the tube proportions used 
in the tests. At the same time, Mr. McCutchan’s statement 
that the Vigness paper does not confirm the author’s results is 
entirely invalidated. 

In respect to tests presented in Table 1 of Vigness’ paper, which 
Mr. McCutchan probably mistook as showing a difference be- 
tween in-plane and out-of-plane bending, it must be noted 
that the values corresponding to P = 1 have been calculated by 
Vigness, using the hypothesis that the tube curvature has no 
influence on the out-of-plane bending. The discrepancy with 
test results is used as an argument by Vigness to prove that 
conventional methods must be revised, which is the object otf 
his paper. The author, using the coefficient D = 1.97, resulting 
from the tube dimensions, finds by a strain-energy calculation 
that the end deflection (including bending and torsion) is Ar = 
0.064 instead of the measured value 0.060, and the value 0.037 
calculated by the Karelitz and Marchand (conventional) method. 

These results show a difference of 7 per cent between the 
author’s theory and the tests; difference easily explained by 
the fact that around each reversal of curvature, the sections are 
more rigid than found by the theoretical formula develcped for 
constant curvature. The difference of 7 per cent indicates that 
19 per cent of the tube length is not affected by the curvature 
effect (figure obtained when the torsional deflection is elimi- 
nated). In other terms, it can be assumed that the rigidity con- 

10 See McCutchan’s bibliography reference (3). ° 


11 Tbid., p. 105. 
12 Tbid., pp. 107 and 115. 
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stant varies linearly between the value 1/E/ and D/EI, the first 
value corresponding to the point of inflection, the second at some 
distance from it, chosen in such manner that the affected lengths 
represent 38 per cent of the tube development. This length rep- 
resents 0.9 in. on either side of a point of inflection, a result 
which seems reasonable when compared with the average diame- 
ter of the tube, which is 0.72 in. 

In conclusion, it can be stated that, in contradiction with Mr. 
McCutchan’s assertion, his references confirm the validity of 
the author’s theory, instead of disproving it. 

A complete discussion of the points raised by Messrs. Symonds 
and Vigness would require a completely new paper and is beyond 
the scope of a closure. For this reason, only succinct indications 
are given hereinafter. 

1 (a) It was felt that it is useless to insist on the simplifications 
made in the analysis of in-plane bending, which are conventional 
in stress analysis of thin tubes and of frames. It has been shown 
time and again that the moment of inertia of a thin tube can be 
calculated considering that all the material is concentrated along 
the mean circumference, and that axial loads and shears produce 
negligible deflections in thin frames, such as constituted by a 
slice of a tube. When the limit case of very thick tubes (solid 
sections, t/a = 2) is considered, the analysis developed in the 
third section of the paper shows that, in this case also, deforma- 
tions due to transversal stresses (which are the limit of normal 
stresses and shears) are negligible, since the conventional formu- 
las for straight beams can be used to calculate deflections (see 
Table 2). This, incidentally, explains one of the purposes of 
the third section (see comment 4). More specifically, the second- 
ary effects are the following: 

(a) Azial Local Bending. The total moment of inertia of a 
straight tube is 


ast 
0 4 


For a curved tube, the corrected value to be used in deflection 
computations is 


In this equation \ = tR/a*. The factor \Dt/4R represents the 
correction due to axial local bending. Since \D = 1.6 for a wide 
range of values of \, the correction factor has the value t/2.52 
and is generally negligible. For the tube examined by Symonds 
and Vigness (A = 0.043, R/a = 3; t/a = 0.014), the correction 
is 0.2 per cent. For this tube, the deflection coefficient has the 
theoretical value D = 38 (Fig. 3 of paper), against D = 37 
measured for a 180-deg bend, without end restraint, which 
shows the degree of reliability of the formula developed in the 
paper. 

(b) Shears and Normal Stresses. Shear flows Vg and normal 
stress flows ng can be determined as functions of the basic quanti- 
ties zand y 


dm dzM 
Vo ne = Ve coté@ 


d 
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dz 
cot 6 = 1 + cos 2nd + bon +1] 


Thus the initial Equation [8] must~be completed by the terms 
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To expressions, Equations [13] and [14], must be added 


pH? x [(1 — bs)* + +....] + 
H*x(2 + (1 + bs)? (b; + bs)? + 


Equations [15] must be completed by terms such as 


PH? |2ben+, — ben - 1 — ben +3] + 
H?(2ben +1 + Den -1 + ban + a] 


These modified equations lead to more accurate coefficients b- 
If the uncorrected coefficients b are used, a value of D can be ob- 
tained by simple addition of the terms corresponding to the de- 
flections neglected heretofore. As these terms are relatively 
small, the corrections to the coefficients b are small and the cor- 
rect value of Dis very close to the value thus calculated, which 
is too high. The correction to expression, Equation [20], for D is 
2 


a? a 
4R? (2 + + ban +1)® + PZ(ben-1 — bin + 1)*] = 


For p = 3.25, it is found 


K 001 
1.43 1.54 


Thus the corrected value of D, designated by D,, is 
artw 
D< DS D+ 


For a thick tube with a great curvature (say, A = 0.1 ort = 
a/10; R = 3a), the factor a’w/R? is smaller than 0.1, which repre- 
sents a relative error for D smaller than 2 per cent. For a thin 
tube the error is smaller. For the tube just examined 


D, = D + 25; D = 38 


and the error is smaller than 1 per cent. 

For a solid rectangular section, the quantity D, — D is repre- 
sented by column 5 of Table 2, which confirms the results es- 
tablished here. These results show that it is fairly simple to de- 
termine what terms can be neglected in an analysis of the type 
examined here; this contradicts Symonds’ and Vigness’ opinion, 
who feel that such an analysis is not practicable. 

1 (b) The same simplifications have been used for the analy- 
sis of transverse bending. It has been specifically indicated in 
the paper that only the bending of each segment of the tube has 
been considered, while perpendicular local bending moments as 
well as torsion between segments have been neglected, which is 
the meaning of the sentence: “Torsion and bending between 
adjacent sections are neglected.” An analysis similar to the one 
indicated under la—(a) would justify these simplifications, and 
an analysis similar to the one indicated under la—(b) would justify 
the fact that secondary normal stresses and shears have been 
neglected. 

The equations for transverse bending are conventional equa- 
tions of equilibrium of surfaces with a double curvature and can 
be found in any textbook on shell analysis. For instance, Love 
(5)'3 derives the following equations, in which the notations @ 
and 8 correspond to 6 and ¢ of the paper, respectively: Equation 
[45-1] corresponding to Equation [22] of the paper; Equa- 
tion [45-2] to Equation [23]; Equation [45-3] to Equation [21]. 

‘* Numbers in parentheses refer to the Bibliography at the end 


of this closure and follow numerically from the bibliography at the 
end of the McCutchan discussion. 
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The only difference resides in the fact that the fictitious load WwW 
is replaced by derivatives of shear’ such as 
o[Ve(R — a cos 6)] 1 
00 a(R — 4 cos @) 


which represent the actual value of the fictitious right-hand 
member of Equation [21]. Equation [25] or [26] is derived by 
combining equations such as Equations [21], [22], and the equa- 
tions of equilibrium between moments and shears, which replace 
the obviously incorrect equation written by Symonds and Vigness 


{m(R — a cos @)] 


which Should be (see Love’s Equation [46-2]) 


< [m(R — a cos 6)] — Ve(R —a cos é)a = 0 


Symonds and Vigness did not realize that there is only one sys- 
tem of stress flows and unit moments; this system is’ne, ng, Ve, 
m = moe (mg, V¢ and the torsion are neglected). For simplicity 
of presentation, this system has been divided into ng, W, ne and 
—W, Ve, m, ne. The second system is a conventional loading of 
a ring and corresponds to the equations 


aw + ne; Ve 


In these equations the length factor 1—acos6@/R has been omitted. 
Combination of these equations leads to Equation [25] or to the 
correct Equation [26] of the paper, if the length factor is intro- 
duced. 

3 It is a classical result (6) for shells in form of surface of 
revolution that if a loading is a periodical function of the type 
Mg = M, cos nd; Mr = Mzsin all the internal stresses and 
strains are of the same form, provided the edge loads and dis- 
placements correspond to the corresponding boundary values 
defined by this solution. Thus there is no assumption made in 
this analysis, at least for a given system of edge conditions, which 
shows the error of Symonds’ and Vigness’ statement, ‘‘the as- 
sumptions .... are of questionable validity.” 

This analysis is as exact as the corresponding analysis for in- 
plane bending, in which it is considered that the stresses are the 
same in all sections, which is obvious for reason of symmetry. 
The same concept of symmetry, generalized to include the con- 
cept of orthogonality, explains why periodical solutions of dif- 
ferent periods are independent on a shell in form of a surface of 
revolution. These facts have been applied for many years in 
the theory of shells of revolution, especially in the case of rein- 
forced-concrete construction (7, 8). 

With regard to the edge conditions, it can be indicated that the 
solution developed in this paper strictly follows the semi-inverse 
method invented by Saint Venant (9), which consists in finding 
an arbitrary solution of the equations of equilibrium and of de- 
formation, in which edge conditions are disregarded. It is known 
that a change in edge conditions affects but slightly the general 
deflections of solid bodies. In recent years, especially in con- 
nection with aircraft structures, it has been realized that when 
thin structures are considered, edge conditions may have much 
greater importance. This is especially true for open shells in 
the form of beams, in which case edge conditions are the main 
factor in the determination of stresses, a fact which has led the 
author to suggest an extension of the Saint Venant principle for 
this case (10). In the case of closed beams the influence of the 


edge conditions is less important, but may not be negligible, as 
proved by the tests indicated by Symonds and Vigness for in- 
plane bending. 


q 
ae 
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As regards the transverse bending test indicated by Symonds 
and Vigness, the following can be noted: If the tests had been 
repeated by applying end moments on a 180-deg bend, the mid- 
dle section would have been submitted to torque only and for 
pure reason of symmetry, its dimensions would not have changed. 
The argument against the mathematical derivation which has 
been put forward in this case is an example of incorrect conclu- 
sions drawn from test which do not correspond to the conditions 
chosen for a theoretical analysis. 

If a refined theory of bending of curved tubes is to be developed, 
it must follow the conventional pattern established by Saint 
Venant: (a) Find asolution by asemi-inverse method, which has 
been the aim of the present paper; (6) find the variations to this 
solution which are due to changes of the end conditions.. From 
the experience he has gathered in the problem of straight beams 
(11), the author feels that the solution of the problem of end ef- 
fects is a fairly simple one, at least with regard to the theoretical 
analysis. The actual computation, however, may be somewhat 
lengthy. Basically, the method is as follows: 

For a bénd of angle a, it is necessary to add terms of the form 
cos rnd/a, sin rn¢@/a to the existing terms, in order to obtain 
double infinite series in 6 and ¢. Then various edge conditions 
can be satisfied without great difficulty. 

4 The fact that the ratio R/a has but a small influence on the 
rigidity is confirmed by the analysis that Symonds and Vigness 
have made on pipes having this ratio equal to 3 or 2. Thus 
their questioning on the validity of this fact seems superfluous. 

As regards the third section of the paper, they believe, “It is 


well known that in a solid curved bar... . the hyperbolic theory 
agrees well with the exact solution ....asto.... the bar de- 
flection.’”” However, the purpose of Table 2 of the paper is not 


to confirm this belief, but on the contrary to show that it is er- 
roneous. The hyperbolic theory is less correct than the straight 
beam theory with regard to deflections, although it is acceptable 
as regards stress distribution. The results for a rectangular sec- 
tion are obviously valid for very thick tubes. It is thus neces- 
sary to prove the point for thin tubes, a calculation which has 
precisely been made by Symonds and Vigness. 

The true reason for which stresses are affected by the value of 
the ratio a/R while total deflections are practically unaffected 
resides in the fact that stresses are modified in an approximately 
linear manner by R/a, while the total deflection, which is obtained 
by adding strains on both sides of the neutral line, is affected by 
a factor proportional to (a/R)*. In addition, the transversal 
stresses omitted in the hyperbolic distribution compensate to a 
great extent the previous effect, which causes the final coefficient 
of (a/R)* in the formula for deflection to be extremely small. If 
a complete analysis, introducing the factor (a/R) in an explicit 
manner, is required, the following method can be applied: 

The general equations of equilibrium of shells of revolution 
under symmetric loading are conventional. The equations 
written by Timoshenko (12) can be applied. Combining the 
three equations of equilibrium, and omitting the longitudinal 
local bending (see 1a), the following equation can be established 


1 /d d d 
+ + a sin 6)] +n cos 6 + (n sin 6) =0 
It can be shown that this equation can be replaced by 
a’n = {m(R + asin} | 
If the unknown m is replaced by 
m' = m(R + asin 6)/R 
this equation becomes identical to Equation [4] of the paper. 


However, the problem is modified because the strain-energy ex- 
pression becomes 
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m’*d6 


2 0 Et 0 a. 
EI\ 1+ 0 


Thus with the same relation, Equation [9], between the two un- 
knowns y and z, the quantity to be minimum is (instead of 
Equation [8]) 


2 
0 R 0 


1 + 


Because of the existence of antisymmetric terms — sin @ in this 


equation, the series Equations [11], [12] defining y and z must be 
completed by terms with opposite symmetry 


y = 22(2n + 1)bon4, sin(2n + 1)@ + 2Dng, cos nd 


cos 
2 + Z(9n+1 — Jn-1) 
n n 


sin 


z = — ben +1) 


‘ a ? 
After 1 / (: + R sin ) is replaced by its series expansion and y 


and z are replaced by the foregoing developments, the equation 
for minimum strain energy can be replaced by simultaneous 
equations in which the coefficients by,4, and g, are the un- 
knowns. These equations are of more complicated form than 
Equations [15] and are functions of the two parameters K and 
a/R. A method of successive approximations can be applied 
since, for small values of a/R, the solution developed in the paper 
represents a first approximation. Thus for increasing values 
of a/R, each solution found for a given value of a/R is a first 
approximation for a somewhat greater value of this quantity, 
and the solutions for the whole range of useful values of a/R can 
be found. 

It is presumed that these indications may prove useful for 
further developments of the theory of curved thin tubes. 
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similar to that reported by the author was carried out in the 
Research Laboratories for Mechanics of Materials at M.I.T. 
during the winter of 1940-1941. Although an initial phase of 
this program was completed by that time, the more extended 
study planned had to be postponed due to the writers’ activities 
on other war research. In view of the similarity of the initial 
program with the present study reported by Mr. Davis, a sum- 
mary of this work is included herein. 

Tubular test specimens were machined from 2-in-diam bars 
of 8.A.E. 1020 steel, cut from a 20-ft length of stock. The chemi- 
cal analysis for this material was as follows: 


C Mn 8 
0.20 0.55 0.009 0.027 


Prior to machining, the bars were carefully annealed at 1650 F 
and furnace-cooled. All tubular specimens were drilled, reamed, 
and lapped to an internal diameter of 1.00 in. and were turned 
and polished giving a wall thickness of 0.1 in. Those tubes 
subjected to internal pressure and axial tension had a gage 
length of 4 in., while those tested under internal pressure and 
axial compression were machined to a 2-in. length. Torsion 
specimens were 12 in. long and !/2 in. diam over the test region. 
Details of the grips and equipment used may be found in a pre- 
viously published paper.‘ 

Prior to testing, all tubes were carefully scribed with a network 
of fine scratches such that the grid spacing was approximately 0.1 
in. in both the axial and circumferential directions. These net- 
works were scribed with a commercial diamond set in a jig. The 
tubes were mounted in a lathe with the scriber attached to the 
cross-feed, in such a manner that the cross-feed micrometer screw 
could be used for indexing. The grids then were measured care- 
fully by means of a cathetometer, to the nearest 0.0001 in. All 
tubes were traversed with a dial-gage device,‘ so that the wall 
thickness at any point in the gridwork area was known to 0.0001 
in. Finally, the outside diameters were measured throughout 
the test area. : 

The tubes were then subjected to internal pressure and axial 
load. The ratio of the internal pressure to axial load was main- 
tained at a constant predetermined value throughout each test. 
No measurements were taken during the test, although the maxi- 
mum and fracture loads were recorded. After rupture, the 
networks, wall thicknesses, and outside diameters of all tubes 
were again measured, following the same procedure as in the 
initial measurements. 

Octahedral shearing strains were computed for all elements of 
the network in the region of fracture and the strains correspond- 
ing to the largest octahedral shearing strain were recorded as the 
fracture strains of the tube in question. In this connection it 


4 “Combined Stress Experiments on a Nickel-Chrome-Molybdenum 
Steel,’’ by J. M. Lessells and C. W. MacGregor, Journal of The Frank- 
lin Institute, vol. 230, August, 1940, pp. 163-182. 


TABLE 1 RUPTURE DATA—M.IL.T. TESTS; 
Ratio —1.006 0 +0.534 
Gt/Ta 

Fa 48200 97200 90000 

Gt —48200 0 48100 

or 0 0 —4165 

ta 0.506 0.696 0.501 

—0.506 —0.315 —0.056 

tr 0 —0.372 —0.452 

ta + Et + 0 0.009 —0.007 

Trt 24100 0 26130 

Tra 24100 48600 47080 

Tat 48200 48600 20950 

—0.506 0.057 0.396 

Fra —0. 506 1.068 0.953 

Fat 1.012 1.011 0.557 

Fn 39300 45800 38450 

Fn 0.827 0.980 0.782 


* True stresses and true strains used throughout; stresses in 
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should be mentioned that the values determined were true strains. 

The fracture stresses were admittedly more approximate. For 
cases where tubes ruptured with a circumferential crack, the 
minimum wall thickness and the average diameter around the cir- 
cumference were measured and the stresses evaluated from ex- 
pressions similar to Equations [14], [15], and [16] in the paper. 
Where axial fractures occurred, the minimum wall thickness was 
used, together with the diameter 90 deg from the point of fracture, 
assuming the tube was axially symmetrical before rupture and 
Equations [14], [15], and [16] again applied. The stresses so 
evaluated were average true stresses. 

The results of this investigation are given in Table 1 of this dis- 
cussion. The octahedral shearing strains 7, at fracture vary from 
0.980 in. per in. for pure tension to 0.592 for a ratio of ¢,/c, of 
2.465. The octahedral shearing stress, 7,, remains reasonably 
constant over the range of stress ratios tested. Of particular 
interest is the constancy of the maximum principal shearing stress 
at fracture, varying from 44,500 to 48,600 psi. Each of the 
fracture principal strains was measured separately, thus their sum 
serves as a reasonable check on the measurements. It will be 
noted from Table 1 that the sum of the principal strains is quite 
small, although varying in sign, depending upon the stress ratio. 

It will be seen that the variation of ¥, with stress ratio is not 
as severe in the M.I.T. tests as in those reported by the author. 
It is felt that the difference in the method of fracture-strain meas- 
urements is largely responsible for this. In cases where the 
rupture occurs circumferentially, fracture strains are accurately 
found from the wall thickness at the neck, and the average diame- 
ter at this point, since the tube remains essentially symmetrical 
with respect to the axis. Indeed the octahedral shearing strains 
for the two series of tests compare quite favorably for this type 
of fracture. However, when longitudinal rupture occurs, axial 
symmetry no longer exists, and diameter measurements are not 
a very reliable criterion for fracture strains. Use of an externally 
scribed network overcomes this difficulty, since tangential and 
axial elements at the point of fracture can be measured readily. 

In the tests reported by the author, it was shown that fracture 
occurred when the principal shearing stress reached a critical 
value, but that this critical value was not the same in all direc- 
tions. For example, the average shearing stress at fracture for 
those specimens which failed by a circumferential rupture was 
approximately 55,000 psi and for those which failed by a longi- 
tudinal crack the average shearing stress was about 40,000 psi. 

In the M.I.T. tests reported herein, fracture occurred when the 
principal shearing stress reached a critical value, as reported by 
the author, but the critical value was very nearly the same in all 
directions. For example, the average principal shearing stress 
at fracture for those specimens which failed by a circumferen- 
tial crack was 47,800 psi, while for those failing by a longitudinal 
crack, the average shearing stress was 47,000 psi. 

It would appear that both the tests reported in the paper and 


ANNEALED §.A.E. 1020 STEEL* 


+1.039 +2.115 +2.465 +3.195 
89600 39900 36300 27580 
93100 84300 89500 

—5525 —4690 —5140 —4800 
0.487 0.005 —0.011 —0.068 
0.114 0.417 0.378 0.445 
—0.654 —0.450 —0.346 —0.367 
—0.053 —0.028 0.022 0.010 
49310 44500 47320 46400 
47560 22300 20720 16190 
1750 22200 26600 30210 
0.768 0.867 0.724 0.812 

1.141 0.500 0.335 0.2 
0.373 0.412 0.389 0.513 
45700 36300 36700 36700 
0.950 0.722 0.592 0.672 

i units. 


+6 Thea and ¢ directions here do not mean axial and tangential as in the other cases. 
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those included herein seem to favor the maximum-shearing-stress 
criterion for fracture for these materials. However, further work 
is needed to establish this fact definitely. 


W.R.Oscoop.* An investigation of combined stress could not 
be in better hands than those of the author, a careful experimenter; 
Dr. Nadai, a pioneer in the field of plasticity; and Captain Roop, 
a friend of research with a rare appreciation of the double role of 
theory and test. It is a constant source of pride also that our 
Navy Department fosters the highest type of engineering research, 
as exemplified by the co-operation of the David Taylor Model 
Basin in the author’s investigation. 

A few questions and remarks occur to the writer in reading 
the paper under discussion. It is not clear just how the notches 
of the impact spr simens were oriented in relation to the bar. 
Was the notch »: the transverse specimen parallel to the axis 
of the bar and that of the longitudinal specimen perpendicular 
to the radius normal to the specimen? 

It seems that the machining operations after annealing may 
have introduced sufficient anisotropy to account for some of the 
difference in behavior of the specimens in the tangential and axial 
directions. There is some evidence for this possibility in Figs. 
5, 6, 8, 9, and 22. If conditions were the same in the tangential 
and axial directions, the o,-curves in Figs. 5, and 6 should coin- 
cide with the o, -curves in Figs. 8 and 9, respectively. Actually, 
the curves in Figs. 8 and 9 lie below those in Figs. 5 and 6, re- 
spectively. On the other hand, the machining conditions for the 
two subsize specimens, Fig. 3, were identical, and the two curves 
for these specimens, Fig. 22, are practically identical, probably 
within the unavoidable limits of error of the tests. 

Except for the specimen for which o,/¢, = 2, the scatter in the 
points in Fig. 21 may well lie within the experimental error to be 
expected. If the scatter is greater than can be accounted for by 
the experimental error, it may be that anisotropy of the ma- 
terial accounts for it. The anomalous behavior of specimen 
2’? may be due to mechanical properties different 
from those of the other specimens. Was it perhaps taken from 
the end of the original 18-ft bar? 

Since isotropic engineering materials are a rarity, means of 
taking anisotropy into account are worth considering. For ex- 
ample, in analyzing tests of orthotropic materials, probably the 
commonest engineering type, it may be well to seek to make use 
of one or more significant properties associated with each of the 
three planes of symmetry. By way of illustration only, one 
might consider plots of 
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against 

2 

In 3 V Gat? Jer? 
where 
i 1 (co i i oa 
and 
Jat S, €a S, €, Qtr S, € 8. Gra ™ Ss, €r €a 


Sa, S,, S;, Ea, E,, E, being parameters associated with the a, 
r,and¢ directions. It might be that such plots would show less 
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scatter than plots of the octahedral shearing stress against the 
octahedral shearing strain. The S’s might be secant yield 
strengths or tensile strengths, and the H’s might be moduli 
of elasticity. 

Were the stresses o, at rupture for specimens for which o,/¢, = 
0.775, 0.800, and 0.875 based upon the maximum internal diame- 
ter through the bulge? Presumably they were. If the mean 
internal diameter of the cross section through the bulge was used, 
the computed stresses would be too low. 

The picture presented by the energy data, Table 2 of the paper, 
is a disturbing one. Unless the material were anisotropic, one 
would expect the same values of energy for ¢,/og = 0 as for o,/o4 
= o and for o,/o, = 0.500 as for o,/¢, = 2. Actually these ener- 
gies differ by factors of 7 and 8, respectively. It is hard to be- 
lieve that the material was sufficiently anisotropic to account for 
any such great difference. The energies were presumably com- 
puted from “the areas under the curves of true stress versus 
natural strain which are shown in Figs. 5 to 14.’ As soon as 
necking or local bulging begins, as the author states, it is no longer 
possible to measure reductions of area and elongations locally 
in the neck or the bulge. Nor is it possible to measure stresses 
accurately. 

When necking occurs, as for 0,0, = 0, positive stresses o, and 
negative strains ¢, are undoubtedly set up, although the author 
gives ¢, = Oin Table 1. The same would apply for small values 
of o,/o, > 0. On the other hand, when unsymmetrical longi- 
tudinal bulging occurs, as for ¢,/¢, = ©, positive stresses o, and 
positive strains e, are set up which are larger in the bulge because 
of the bulge than in the rest of the tube. At failure the stresses 
a4 may be expected to be much larger in the bulge than the aver- 
age stress g, for the entire cross section. The same would hold true 
for large values of o,/0g < ©. Consequently, in Figs. 5 to l4a 
o,-curve for o,/¢, = 0 is not negligible, and for values of o,/¢, > 
0.762 the last points of the ¢,-curves are probably considerably 
low. If this is the case, J’o, de, would be negative for o,/¢, = 0, 
and So, de, would be greater for o,/¢, > 0.762 than given in 
Table 2; and the W values would be more nearly in line. If the 
picture in Table 2 cannot be explained in some such way as this, 
then the whole technique of making combined-stress tests by 
means of tubes is open to serious question, and we are left in a 
fine pickle. 

The agreement of the various test results in Fig. 21 isso good, 
except at rupture, that one would like to believe it should be at 
rupture too, that is, one would like to believe that the octahedral 
shearing stress should be the same at rupture for all combinations 
of stress. And it may in fact be, for the reasons suggested in 
the preceding paragraph. In Fig. 21 the last point for each test 
may be just as inaccurate as the last points referred to in Figs. 5 
to 14. The alternative is that the octahedral shearing stress- 
octahedral shearing strain law holds approximately up to rupture 
and then suddenly some other law*dominates. This would be an 
unpleasant pill to swallow. 

In the last paragraph of the section “Tests on Solid Specimens,” 
the author states, ‘the mean diameter of the tube corresponds to 
the width.”’ It seems to the writer that the mean circumference 
of the tube should correspond to the width, giving M = 0.024. 
This value of M fits as well as or better than M = 0.074 in the 
last line of Table 3. 


AuTHOR’s CLOSURE 


The author is pleased to have the test data of Drs. MacGregor 
and Coffin added to the discussion of his paper. It is encouraging 
to learn that they have been able to obtain such data without 
being troubled by what so obviously seems to be anisotropy in the 
material used by the author. The discussers believe that the 
method of measuring the strains at fracture may account for some 
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DISCUSSION 


Wau THICKNESS AT RUPTURE = © 


LONGITUDINAL TRANSVERSE 
Fie. 2.) ORIENTATION OF IMPACT SPECIMEN 


of the apparent anisotropy. These methods of measuring strains 
at rupture may warrant some further discussion. 

The scribed-network method will certainly yield the tangential 
and axial strains in the vicinity of the fracture. The only draw- 
backs involved are the tediousness of the process and the fact that 
the accuracy of any strain measurement decreases as the gage 
length is made shorter. For tubes where a local bulge might ap- 
pear just before a longitudinal fracture occurs, this scribed net- 
work is undoubtedly the best of all known methods of determin- 
ing the strains at fracture. In the tests reported in the paper 
there was no evidence of a localized bulge. Although, for safety 
reasons, the tubes had to be enclosed while they were under pres- 
sure, some of the tubes were measured shortly before fracture 
occurred. For example, in Fig. 9 of the paper it can be seen that 
the next to the last test point is quite close to the rupture point. 
Yet at that point the specimen was only 0.003 in. out of round. 
Furthermore, it cannot be said that the wall of the tube necked 
down in thickness at the point where fracture occurred. 

Fig. 1 of this closure shows the wall thickness around the tube 
at the section where fracture started. These measurements 
which were made with ball-point micrometers show some irregu- 
larities in the wall thickness, but to the author they indicate that 
up to rupture the tube was loaded symmetrically and that the in- 
crease in mean circumference or mean diameter was a good meas- 
ure of the tangential strain at fracture. If a scribed network had 
been used it is very probable that the results would have been 
unchanged. 

An attempt will now be made to reply to Dr. Osgood’s remarks. 
The sketch in Fig. 2 of this closure will answer the question con- 
cerning the orientation of the notches. About the anisotropy due 
to machining, the author can only admit the possibility of such a 
condition. However, such machining detriments as scratches and 
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toolmarks would tend to lessen the strength of the specimen in 
the axial rather than in the tangéntial direction. The location, 
in the original bar, of a particular specimen is not known. The 
stresses at rupture in all specimens were based upon the dimen- 
sions of the tube at the location of the rupture and at the time the 
rupture occurred. For the specimens where o,/¢, = 0.775, 0.800, 
and 0.875, respectively, there was no evidence of a bulge existing 
before the tubes ruptured. The author agrees with Dr. Osgood’s 
statement in his last paragraph. It would have been more logical 
to have used the mean circumference as a measure of the effective 
width of the tubular specimen. 

In regard to the energy data, the author is aware that many 
questions still remain to be answered. The energy represented 
by the stresses set up in the necked or bulged regions should be 
taken into account. This, unfortunately, is not easy to do. An 
attempt was made to calculate the tangential stress in the necked 
region of the pure-tension test. These calculations were based 
on assumptions that all bending stresses could be neglected 
and that the shape and thickness of the specimen could be repre- 
sented by simple mathematical expressions. For energy determi- 
nation it would be necessary to have, in addition to the stress, a 
history of the tangential strain, and since no record of the profile 
of the neck was obtained as the neck developed it would have re- 
quired further assumptions to calculate the energy due to this 
component of the stress. For these reasons Table 2 of the paper 
does not contain the energies resulting from the stresses set up 
in the necked regions. 


The Structural Efficiency of Wing 
Covers' 


H. L. Cox,? H. E. Smrrs,? F. T. Barwe.u.2? The con- 
ception of “continued cellularization” introduced by the authors 
represents an interesting method of approach to the general 
problem and one which leads naturally to the conception of a 
continuous expanded filling in a sandwich structure. On the other 
hand, we suggest that the authors have been overhasty in apply- 
ing this conception, and cannot accept their conclusion that “the 
ideal web has a vanishingly smallarea.”” It appears to us that the 
authors’ Equation [4] is in error, because the cellular web has not 
the same effective flexural rigidity laterally as longitudinally. 
Lateral deformation can occur merely by flexure of the thin 
vertical faces in Fig. 2, the cells of the web being thus deformed in 
shear. When this effect is taken into account the buckling stress 
for the cellular web is reduced very considerably. 

Moreover, even in relation to flexure longitudinally, the possi- 
bility of shear deformation of the webs must not be overlooked. 
In general the web of a beam fulfills two functions, (a) to hold the 
flanges at a fixed distance apart, and (b) to prevent relative lateral 
movement of the flanges. The effect of shear deformation in 
reducing the buckling stress of a beam is well known, and as the 
web is more and more highly “‘cellularized,” the shear stiffness of 
the web will be progressively reduced. The conditions for the 
optimum structure when this effect is taken into account become 
very complex. 

Nor is it safe to ignore the function (a) of the web. In ordinary 
structural engineering the thinnest practical webs fulfill this func- 
tion virtually completely; but a highly cellularized structure 
must be much less adequate in this respect and the possibility of 
local wrinkling of the flanges of the beam occurring partly as 


_ 3} By A. F. Donovan, Martin Goland, and J. N. Goodier, published 
in the March, 1945, issue of the JourNaL or APPLIED MEcHANICS, 
Trans. A.S.M.E., vol. 67, 1945, p. A-8. 

? Department of Scientific and Industrial Research, Engineering 
Division, National Physical Laboratory, Teddington, Middlesex, 
England. 
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a result of extension or compression of the web through the 
thickness of the beam must be considered. The conditions 
governing this type of instability are not yet fully established; 
the problem presents special difficulties on account of the aniso- 
tropic characteristics of cellular webs. In addition there are indi- 
cations that failure of the web to fulfill function (a2) may very 
seldom represent a limiting design condition, because inadequacy 
to fulfill function (b) may usually be exclusively important. How- 
ever, the possible unimportance of this “Brazier effect’’ in prac- 
tical cases must not be presumed ab initio. 

Expanded materials of the solid foam type represent a class of 
highly cellularized materials, and the development of sandwich 
structures follows the principles laid down by the authors. It is 
interesting therefore to notice that as the degree of expansion of 
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a solid foam is increased, the mechanical properties are reduced 
more rapidly than the density; in particular for several materials 
there appears to be a critical density below which the materials be- 
come definitely spongelike. It is one of the aims of research at 
present in progress in this country to examine this correlation 
quantitatively and to attempt to establish a theoretical basis for 
the mechanical properties of foams in relation to the properties of 
the solid base material. 

Finally we would refer to the work of two of the writers in rela- 
tion to the problem of least weight of structures of more normal 
types.’ 


Marsuatu Hour.‘ The suggestion made by the authors that 
the sharp bends in the curves of Fig. 5 of the paper might be re- 
lieved is a good one. As the curves are now drawn, it is tacitly 
assumed that the stress-strain curves are simply straight lines 
with a maximum value of stress equal to the compressive yield 
strength. Actually of course the stress-strain curves are not as 
simple as this since the curves depart gradually from the initial 
modulus line, and the yield strengths are merely arbitrarily chosen 
points on the curves. Any method used for rounding the curves 
in Fig. 5 should take into account the variable slope of the 
stress-strain curve and consequent variable effective modulus. 
Such a procedure for Alclad 24S-TS81 is indicated in Figs. 1 and 2 
of this discussion, in which the tangent modulus or slope of the 
stress-strain curve has been taken as the effective modulus. 

A typical compressive stress-strain curve for Alclad 24S-T81, 
having a value of compressive yield strength equal to the mini- 
mum specified tensile yield strength, is shown in Fig. 1 herewith. 
Also shown is the relation between stress and tangent modulus. 
Fig. 2 shows the relation between stress and k as determined from 
Equation [14] of the paper, and the assumption that Poisson’s 
ratio is constant for stresses above as well as in the elastic stress 
range. In this case 


The curve for comparing weights of panels was obtained by plot- 
ting the foregoing values of k against the factor p/S. This curve 
for Alclad 24S-T81 is also shown in Fig. 2 of this discussion. 
When compared with curve 3 in Fig. 5 of the paper, also shown 
in Fig. 2 herewith, it appears to give a reasonable rounding. The 
other curves in Fig. 5 might be rounded in a similar manner. It 
would not be surprising if the relative positions of the curves 
change for restricted ranges of the value of k. 

In the determination of the distribution efficiency of an actual 
panel by comparison of its weight with that of an ideal panel, it 
would seem more reasonable to make the comparison on the basis 
of-the ultimate load developed by the actual panel. In the 
numerical example, the panel is unduly penalized since it was built 
sturdy enough to support 192,500 lb, but given credit for support- 
ing only 146,500 lb. Perhaps the trouble lies in the definition 
of effective area and our inability to determine it exactly 


AuTHORS’ CLOSURE 


The problem the authors originally set themselves was to for- 
mulate an ideal compression cover to belong to and serve as a 
standard for the whole class of stiffened sheet constructions 
which buckle in simple two-way flexure. It was realized, too late 
to affect the present paper, that preoccupation with the simple 
flexural type of deformation had led to an “ideal” construction 
which escapes this classification and that the problem must be 


3 Two papers in process of publication by the British Aeronautical 
Research Committee, in the R. and M. series, Nos. 1922 and 1923. 

4 Research Engineer, Aluminum Company of America, Aluminum 
Research Laboratories, New Kensington, Pa. 
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DISCUSSION 


reconsidered, admitting shearing flexibility and extensibility of 
the core or webs in the direction of the thickness. 

Apart from this, Equation [4] is not actually in error because 
the cellular web has not the same rigidity laterally and longitu- 
dinally. For since the limiting case is an evanescent web or core, 
there is no objection to making it cellular both ways like a build- 
ing divided into small rooms. Moreover, so little core material is 
required to prevent premature buckling of the sheets on the core 
as an elastic foundation that the evanescent web could still 
reasonably be retained as the ideal. But when the requirement 
of shear rigidity is considered, it appears that an appreciable 
amount of material must be assigned to the core. When the 
shearing deformation of the core is important, the extensibility 
in the thickness, and variation of curvature through the thick- 
ness also become important, and the analysis becomes much more 
difficult, as Messrs. Cox, Smith, and Barwell have indicated. 

It has been found possible, however, to arrive at the critical 
load of a sandwich plate (continuous isotropic core) taking all 
these things into account, and this solution is now at a stage 
where numerical evaluation for any given case is feasible. It is 
not obvious, however, that the continuous core represents the 
best use of the material. The method of weight comparison de- 
veloped by Messrs. Cox, Smith, and Barwell is clearly of great 
value in determining the relative merits of various possible con- 
structions. For the setting of a standard by which to measure 
structural efficiency, the question of what is the ideal construc- 
tion remains open. 

As Mr. Holt suggests it may, except where buckling is defi- 
nitely not wanted, be preferable to make comparisons on the 
basis of ultimate loads. The load to be used must of course be 
calculated for the ideal standard. In beginning this study the 
authors chose first to regard buckling as failure, the difficulties of 
reliable calculation being then least. 


A New Design Criterion for Wire 
Rope’ 


SHoRtTRIDGE Harpesty.?. The design criterion developed by 
the authors, B = 27'/UdD, contains the total tension in the rope 
in the numerator, and the unit tensile strength of the wire in the 
denominator. It is interesting to note the form which the 
criterion takes when the unit tensile strength of the wire is re- 
placed by the ultimate strength of the rope, which results in 
putting total values in both numerator and denominator. 

Since the ultimate strength of the rope is approximately 85 
per cent of the sum of the strengths of the individual wires, and 
since the metallic area of a wire rope is approximately 0.4d? for 
a 6 X 19 construction, and not much different for other hemp- 
center constructions, the ultimate strength of the rope is approxi- 
mately 


U = 0.85 Au = 0.85 X 0.4d2u = 0.34ud? 


in which U is the ultimate strength of the rope in pounds, and u 
is the ultimate strength of the wire in pounds per square inch. 
From this we find 


3U 
u= 
Substituting the foregoing value for the unit strength of the 
wire in the authors’ criterion, there results 


©. By D. C. Drucker and H. Tachau, published in the March, 1945, 
issue of the JouRNAL or AppLieD Mecuanics, Trans. A.S.M.E., 
vol. 67, 1945, p. A-33. 

* Hardesty & Hanover, Consulting Engineers, New York, N. Y. 
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It will be noted that 7/U is the safety factor of the rope, and 
that d/D is the ratio of the diameter of the rope to the diameter 
of the sheave. It is therefore evident that the criterion is 
merely the product of the safety factor by the rope-sheave diame- 
ter ratio, which factors have usually been considered the deter- 
mining ones in wire-rope design. 

The writer’s principal experience with wire ropes has been in 
connection with vertical-lift bridges, for which purpose unusually 
long rope life is desired. The movable-bridge specifications 
of the American Railway Engineering Association require a safety 
factor of '/io for counterweight ropes and !/, for operating ropes, 
as the latter ropes can be replaced more readily. The rope- 
sheave ratio is required to be 1/75 for counterweight ropes and 
‘1/4, for operating ropes. Substituting these values in the 
criterion given, there results 


Counterweight ropes 2/3 X !/10 X 3/15 
Operating ropes Ve X Ve 


The writer has considered the A.R.E.A. requirements for 
counterweight ropes unnecessarily conservative, and has generally 
used safety factors ranging from '/, to '/;.; and rope-sheave ratios 
ranging from 1/s to '/7. This means that in our practice the 
criterion has ranged between the two values 


0.0009 
0.0025 


ll 


2/3X% Va XK = 0.0011 
2/3 X Vis X Vn = 0.0013 


Fig. 3 of the authors’ paper indicates that the 0.0013 value is 
low enough to give long life for the rope, and that the 0.0011 
value is well on the safe side. 


B. L. LonnGrEN.’ In making comparisons of wire ropes, run- 
ning over sheaves, the writer has used for some time past a de- 
sign criterion 


Breaking strength of rope | Drum diameter 


Load on rope Rope diameter a 


T d 


with the breaking strength of rope Urope obtained directly from 
the rope manufacturers’ catalogues. The quotient 


Urope 


is the factor of safety in tension. 
The breaking strength of a rope in tension is 
awd? 


where U is the ultimate tensile strength of a wire in pounds per 
square inch, and f, is a constant, depending upon the rope cross 
section, which multiplied with the rope area gives the net wire 


area in square inches. If k; X ; is marked k, criterion C can be 


written 


assuming that k = 1, it is interesting to note that 


’ Engineer, Bucyrus Erie Company, South Milwaukee, Wis. 
Mem. A.S.M.E. 
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_ UdD 
or the inverted expression for 
2T 
B= —— 
UdD 


as proposed by the authors. 


AuTHORS’ CLOSURE 


The authors were pleased to learn that the values of 7/U’ and 
d/D chosen by Mr. Hardesty on the basis of his extensive ex- 
perience led to the figure for B, suggested by their interpretation 
of the published experimental data. They feel, however, that 
this fact emphasizes all the more a trouble with present design. 

The usual design procedure, as given by Mr. Hardesty and 
stated in wire-rope handbooks, catalogues, and articles, is to 
choose the rope to carry the tensile force and then fix the sheave 
diameter in ratio to the rope diameter. Obviously this pro- 
cedure leads to a safe and useful wire-rope-and-sheave combina- 
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tion. One of the main points of the paper was that such a de- 
sign is only one of many having as long a life. Some other rope, 
possibly a much larger one ona considerably smaller sheave, 
might be better suited to the job. 

The transformation of B = 27/UdD to const(7’/U’)(d/D) 
was given and analyzed in our complete report to the Whiting 
Corporation. However, rather than being a preferred form, it 
should be avoided, because it will lead the designer to continue 
to think in terms of tension and bending separately and so unduly 
restrict his choice of rope and sheave. Furthermore, the multi- 
plication of two stresses is not physically in line with our usual 
concepts of design. The authors believe that the dimensionless 
number B in its proposed form is most convenient for practical 
use. It has the decided advantage of indicating substitution of a 
fatigue limit for the ultimate strength when the action of wire 
rope is more clearly understood and the controlling stréss defi- 
nitely known. 

The criterion C, apparently used successfully by Mr. Lonngren, 
serves as a welcome additional check. It also, however, is split 
into two terms and so may restrict desirable freedom of choice. 


Book Reviews 
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Thermodynamic Properties of Air 


THERMODYNAMIC PROPERTIES OF AIR. By Joseph H. Keenan and 
Joseph Kaye. John Wiley & Sons, Inc., New York, N. Y., 1945. 
Cloth 7!/2 X 10 in., iii and 73 pp., $2.25. 


REVIEWED BY JOHN G. LEE! AND NEWMAN A. Hat? 


[* his earlier volume on the “Thermodynamic Properties of 

Steam,” Professor Keenan established basic data which has 
become authoritative for analytical work on steam power. The 
presentation and basis for the present companion volume on the 
“Thermodynamic Properties of Air’ is of such excellent caliber 
that it will be accepted as equally authoritative. 

Recent spectroscopic research has provided a physical basis for 
accurate thermodynamic data on gases that wholly supersedes 
earlier calorimetric measurements. The properties of nitrogen 


‘and oxygen as established by Johnston and interpolated by Heck? 


form the basis for the tables. 

A comparison with a recent recalculation of the basic thermo- 
dynamic data‘ indicates a maximum difference in constant pres- 
sure specific heat of less than of 1 per cent. It is very proba- 
ble, accordingly, that future refinements will have a negligible 
effect on the acceptance of these tables as standard. 

The data is arranged in a manner similar to that of the earlier 


1 Assistant Director of Research, United Aircraft Corporation, 
East Hartford, Conn. 

2 Research Division, United Aircraft Corporation, East Hartford, 
Conn. 

+ “The New Specific Heats,’’ Addenda to and Discussion of paper 
by R. C. H. Heck, Mechanical Engineering, vol. 63, 1941, pp. 126-135. 

4 Bureau of Standards, Research Paper 1634, February, 1945. 


abbreviated presentation under the same title. The arrangement 
of tabular data is very convenient for the solution of practical 
problems. 

The small effect of molecular interaction forces in air at low 
pressures permits the assumption of the perfect equation of state. 
Accordingly, the primary energy functions may be expressed as 
functions of temperature alone. Table 1 presents enthalpy, in- 
ternal energy, and constant-pressure entropy with reference to a 
base temperature of 400 F abs. In the same tabie are given 
isentropic pressure and volume ratios relative to the state at 400 
F abs. The tabular intervals are 1 F from 300 F abs to 3000 F 
abs, and 10 F from 3000 F abs to 6500 F abs. 

Table 2 lists the isothermal entropy change, R loge NV, for pres- 
sure ratios N at tabular intervals of 0.01 from 1 to 10. 

Table 3 lists constant volume and constant pressure specific 
heat, specific heat ratio, velocity of sound, and critical mass flow 
for the temperature range 200 F abs to 6400 F abs; and viscos- 
ity, thermal conductivity, and Prandtl number for the range 400 
F abs to 2400 F abs. 

A series of functions of pressure ratio and polytropic exponent 
are listed in Tables 4 through 9. Four-place logarithmic tables to 
the base 10 and base e are included as well as Fahrenheit and 
Centigrade conversion tables. A convenient listing of conversion 
factors completes the volume. 

A full discussion of the source material for Tables 1 and 3 is 
given. Also included are a series of examples amply illustrating 
the use of all the tables. 


5 “A Table of Thermodynamic Properties of Air,’’ by Joseph H. 
Keenan and Joseph Kaye, JouRNAL or APPLIED MECHANICS, Trans. 
A.S.M.E., vol. 65, 1943, pp. A-123-to A-130. 
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This paper presents theoretical studies on perforated 
shear webs. The procedures provide for the analysis of 
the plane-stress condition in an infinitely long plate of 
finite width with a plain circular hole and in a rectangular 
or square plate with a circular hole, which may be plain, 
or reinforced with rim, or ring, or both. Numerical re- 
sults are obtained for infinitely long and square plates 
with plain holes of different sizes, and in the case of 

. square plates, also with various ways of reinforcing. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


F = stress function 
F, = approximate stress function 


FP, = true stress function 
n = an integer 
m = particular value of n 
1 = number of terms in series considered 
z,y = rectangular co-ordinates 
p,@ = polar co-ordinates 
zz, Wy ry = stress components in rectangular co-ordinates 
00, = stress components in polar co-ordinates 
q = uniform shearing stress along edges of shear web 
N,S = normal and tangential co-ordinates 
2a, 2b = dimensions of rectangular panel 
f,9, p,q = arbitrary coefficients in stress function 
hk = radius of circular hole 
k = outer radius of ring 
t = thickness of plate 
H, K = indexes referring to region H (ring) and region 
K (outside of ring) 
u = Poisson’s ratio 
4 = sectional area of rim 
o = direct normal stress in rim 
u,v = radial and tangential displacements 


INTRODUCTION 


A flat rectangular plate under the action of pure uniform 
shearing stress along its edges is a common structural member. 
Such a plate may be called a shear web. For purposes of weight 
saving or access, one or more circular holes may be made in the 
middle of the shear web. The holes may be plain or reinforced 
around the rim in various ways. Shear webs with plain or re- 
inforced circular holes in them are called perforated shear webs. 

The determinatign of the stress components at any point of a 
perforated shear web presents itself as a problem of theoretical 

! Engineer, National Resources Commission of China. 

Presented at the Meeting of the Cincinnati Section, Cincinnati, 
Ohio, Oct. 2-3, 1945, of Tae AMERICAN Society or MECHANICAL 
ENGINEERS. 

Discussion of this paper should be addressed to the Secretary 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1946, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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analysis. Howland and Stevenson? had a rigorous mathematical 
solution for the analysis of the stresses in a perforated strip, when 
the boundary conditions at the parallel edges and those around 
the hole were known. Hengst? obtained an approximate solution 
of the tangential stresses at the rim of a plain circular hole in the 
center of a square plate under the action of equal tensile stresses 
on the four sides, or the action of equal tensile and compressive 
stresses on the two pairs of opposite sides. Timoshenko‘ used the 
theory of bending of curved bars in obtaining an approximate 
solution of the stress condition around a circular hole reinforced 
with a bead. Gurney® had an exact solution for plane-stress 
distribution of the problem of an infinite plate with a circular 
hole reinforced by a rectangular bead. Beskin* determined the 
stress distribution around strengthened circular holes in plates 
subjected to edge loads at infinity. The present paper deals 
with the stress analysis of an infinitely long plate of finite width 
with a plain circular hole and of a finite rectangular plate with a 
circular hole, either plain or reinforced in various ways. 


INFINITELY LonG Puate or Finite Wiptrs a PLaINn 
CrrcuLtaR HoLe 


Let F be the Airy’s stress function. Then the stress com- 
ponents are: 


In rectangular co-ordinates 


~ OOF ~ OF ~ 
In polar co-ordinates 
p? 00? Op Op? Op 08 


The solution of a two-dimensional stress problem is to find F 
such that zz, yy, ry, as expressed by Equation [1], or os 00, 
p, as expressed by Equation [2] satisfies prescribed values at 
the specified boundaries with the further requirement that 
VIF = 0. 

In the present case, following the procedure of Howland and 
Stevenson,? let 


+ hs th t+. 


F, is the stress function for an infinite plate under action of pure 
shear; F; cancels the shearing and normal stresses at the rim 
of the hole, but introduces undesirable stresses-at the straight 
boundaries x = +a, Fig. 1. Also, F: cancels such stresses at 


2? “Bi-Harmonic Analysis in a Perforated Strip,’’ by R. C. J. 
Howland and A. C. Stevenson, Philosophical Transactions of the 
Royal Society of London, series A, vol. 232, 1933-1934, pp. 155-222. 

3 ‘Beitrag zur Beurteilung des Spannungszustandes einer gelochten 
Scheibe,’”’ by H. Hengst, Zeitschrift fiir Angewandte Mathematik und 
Mechanik, vol. 18, Feb., 1938, pp. 44-48. 

4 “On Stresses in a Plate With a Circular Hole,” by S. Timoshenko, 
Journal of The Franklin Institute, vol. 197, 1924, pp. 505-516. 

5 “An Analysis of the Stresses in a Flat Plate With a Reinforced 
Circular Hole Under Edge Forces,” by C. Gurney, Aeronautical 
Research Committee, R. and M. No. 1834, Feb., 1938. 

6 “Strengthening of Circular Holes in Plates Under Edge Forces,” 
by Leon Beskin, JourNAL or Apptiep Mecuanics, Trans. A.S.M.E., 
1944, p. A-140. 
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the straight boundaries but introduces new stresses around the 
hole. Again, Fs cancels such stresses around the hole, and so on. 
For an infinite plate under action of pure shearing stress q 


1 
Fy = —qry = — 3 


from which 
pp = +qsin2¢ = —qsin20 5) = cos 20 


The next stress function F; must be constructed to cancel these 
values of jp and 56 on the circle p = h. If we assume 


F (0) 

+ sin 20 
2 

p 

the relevant stress components are 


(0) 
| 


2G. ] . 
+ 26 = + sin 20 
p p 


pd = +2[ + cos 2 
p 


p! 
and these will be found to cancel the tractions on the circle 
p =hif 


| 
| 
4 
a 
* 
| 
2a 
(a) 


It is to be noted that Fy + F, gives the stress function for an 
infinitely large plate with a circular hole under action of pure 
shear 


The general form’ of the solution of the type considered can 
be expressed by 


P p 
According to Howland and Stevenson,? the coefficients in Equa- 


™*Theory of Elasticity,” by S. Timoshenko, McGraw-Hill Book 
Co., New York, N. Y., 1934, p. 114. 


+ Ponp® + bein 2né. [6] 
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-tion [6] can be evaluated as follows 


\ 
Son = Fa, Poa = ) Pon | 
(r) (r) | 


» | 
= 1?” xepfop + 2" wep gop | 


Jan = Gon 


(r) (r) 


fon 2 
} 


where 
@ 
p=l 
» 
p=l [8] 
"s, = hi"{(n—1)"x, + nh?"v,} 
"up = + (n + } 


he" {(n —1)"u, + nh®"w,} 
+ (n + "wy} 


n 
t, 


Values of "xy, “up, "vp, and “w, for even values of p and n are 
given by Howland and Stevenson. * 

The numerical procedure is as follows, for a particular value 
of h: 


1 Compute "s,, "t,, “u,, and "v, for various even values of 
p and n. 

2 With known values of F; and G; as base, compute 
Fa and for increasing values of n and r. 

3 Compute fen, gon, Pan, and gan for increasing values of n. 
After the arbitrary constants in the stress function F = Fy + 


=F, have been thus determined, the stress components follow 
1 
directly by the application of Equation [2]. 


RECTANGULAR PLATE WITH A PLAIN OR REINFORCED CIRCULAR 


The stress function F, for the case of a rectangular plate with a 
circular hole, either plain or reinforced with rim only, can be 
expressed as the sum of an infinite series in sin 2n@ with four 
arbitrary coefficients ineach term. If only 7 terms are considered, 
then 2: of the conditions requited for the determination of the 4: 
coefficients are supplied by the boundary conditions at the rim 
of the hole. The assumption that the area integral of the square 
of the difference between the true V?F and that as approximated 
by the sine series shall be a minimum, an assumption which was 
introduced by Hengst,* furnishes the other¥2i conditions. An 
application of Green’s theorem in the plane reduces this area 
integral to a line integral around the boundary. The com- 
patibility condition V‘F = 0, by nature of the assumed expres- 
sion for the stress function, is always satisfied. With a finite 
number of terms in the series, the boundary conditions at the 
straight edges are only approximately satisfied; the degree of 
approximation depends on the number of terms used in the 
series, 

Let the stress function approximated by the first 7 terms of 
the series be 


r 
= 
me 
; 
~ 
* 
Fre. 2 
(0) == = (0) = ( 2) 
= q h =q(th 
2 
Thus 
1 
2 p? 
ice 
ia 
p? 
2 2p 
fo] 


WANG 


F = + Penp?” + sin 2n8.. [9] 
p* p 


l 
from which 
i 
oF — 2nfon 2(n — 1) gon 9 
1 


+ 2(n + 1)qenp?” ») gin 2n8....[{10} 


= —~2n(2n + 1)fon + 1)(2n — 1) gon 
; p p 


—- 2n(2n — 1) ponp?"~ — 2(n — 1)(2n + sin 2n@...[11] 
2n(2n +  2(n — 1)(2n — 1) gon 
onse on 
p~ p* 


+ 2n(2n — 1) panp*”-* + 2(n + 1)(2n + sin 2nd. [12] 


2n(2n + 1)fon 


a= 


l 


2n(2n — 1) gan 


- 2n(2n — 1) ponp?”~2 — 2n(2n + cos 2nd. . [13] 


p* 


sin 2n@ 


Let 


4(2n —1) . 
sin = don? 


4(2n + 1)p2" sin = 


Then 
i 
1 


Let Q be the area integral of the square of the error in V?F 


ng 2 
Q = ait (Gon@on? | dxdy = min 
1 


In order that Q be a minimum, the following conditions must be 
satisfied for each value of m 


Odom 
Then 
= (don drdy = 0 
or 


| oan (Genden® + | dxdy = 
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The right side of Equation [15] can be written as 


oF 
16] 
} oN ON 


because V ? gam’ = 0 and by use of Green’s theorem in the plane.® 
Substitution of Equation [16] into Equation [15] gives 


i 
(Ganon? + Ganon") dom’ drdy 
1 


oF Odom? 
——F ——— dS...[17] 
oN oN ) 17) 
In the same way, from = = 0 
Oem 


1 
oF Odom" 


There are 7 equations each from Equations [17] and [18]. Thus 
27 conditions are obtained for the determination of the constants 
in the stress function Equation [9]. 

The right side of Equation [17], or Equation [18] is the line 
integral around both the external and the internal boundaries. 


F, and 


a around the external boundary depend only on the 


oF, 
external loading and can be readily determined.® F, and = 


around the internal boundary are both equal to zero for a plain 
hole, but are not yet known when the hole is reinforced with a 
rim. Nevertheless, we can substitute the approximate values of 


oF, 
F, and SN’ found by substituting h for p in Equations [9] and 


{10], into the right side of Equation [17] or Equation [18] for 
the internal boundary. Then we can transpose these terms in- 
volving fon, gon, Pon, and don to the left side. It should be noted 
that if the line integral goes counterclockwise at- the external 
boundary, it must go clockwise at the internal boundary. 

Expressions for the boundary conditions at the edge of the 
hole will now be considered. For a plain circular hole, pp, = 0 
and 96, = Oatp =h. Thus 


2n(2n + 1)fon 2(n + 1)(2n — 1)gon 


— 2n(2n 


— 1) panh2"-? — 2(n — 1)(2n + Domi} sin 2n = 0..[19] 


8 “Advanced Calculus,’’ by William F. Osgood, The Macmillan 
Co., New York, N. Y., 1935, p. 224. 

®“Graphostatics of Stress Functions,” by H. M. Westergaard, 
Trans. A.S.M.E., vol. 56, 1934, pp. 141-150. 
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i 
J 2n(2n + 1) fon 2n(2n - gen 
py = + + 2n(2n 


1) ponh?”~? — 2n(2n + cos 2n6 = 0... . [20] 


In order to insure that the middle member of Equation [19] 
vanishes, the coefficients of sin 26, sin 40 ... sin 270 must each 
be zero. The same is true for Equation [20]. Thus 27 condi- 
tions are derived. When the hole is reinforced with a rim of 
area A, the equations of equilibrium of a segment of rim in the 
radial and tangential directions, Fig. 3, give 


Also, at p = h, the circumferential strain in the rim must be equal 
to that of the plate, or 


[23] 


Eliminating ¢ by the use of Equation [23], we have Equations 
[21] and [22] in the form 


A), — (uA + = 0............. [24] 
066, Oppa 

—* — ,A 25 
pA 28 + ht [25] 


Making coefficients of sin 26, sin 4@ ... sin 27@ in Equations 
[24] and [25] each equal to zero, we derive 27 conditions. 

For the case of a rectangular plate with a circular hole re- 
inforced with a ring only or with both rim and ring, two different 
stress functioris will have to be assumed, one for the ring (region 
H), and the other for the region outside of the ring (region K). 
Thus 8 conditions are required for the determination of the 
8i arbitrary coefficients in the two assumed stress functions 
F, and Fx: 2i from the boundary conditions at the rim (region 
H); 2i from the fundamental assumption by applying Equations 
{17] and [18] to region K; 4¢ from the continuity conditions 
at the outer circumference of the ring. These continuity condi- 
tions are as follows: 

For equilibrium of forces at the common circular boundary 
;=k 


ty = tx (26] 


For compatibility of displacements u in the radial direction 
and v in the tangential direction 


Expressions for u and v are as follows: 
2n(1 + + 1) + — 1)] G20 
u= + + — 2n 


1 
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(1 + — 2[(n — 1) + p(n + 


sin 2n@ 


2n +1 
1 


(30) 


2n(1 
p p 


+ "pon 2[(n + 2) + un] p™ cos 2nd... [31] 


NUMERICAL APPLICATIONS 


For the infinitely long plate of finite width with a plain circular 
hole, numerical work is done for five cases with h = 0.1a, 0.2a, 
0.3a, 0.4a, and 0.5a (see Table 1). 


TABLE l(a) ae LONG PLATE OF FINITE WIDTH 


{ PLAIN CIRCULAR HOLE 


in2e+Bqe in40+Cqs in60+Dqs iné6tEqe 


‘ 


at pod A | c D E 

| heO.la |-4.1076 -0.0012: 

| h=0.2a | -4.4453' -0.0191/-0.0004 | 
h=0.3a | -5.0577, -0.0996/-0.0053 -0.0003: 
h=0.4a |-6.0367 -0.3292:-0.0301 -0.0021 -0.0001 

___h=0.5a | -7.5563) -0.€700, -0. 1193, -0.0105!-0.0011/ 


TABLE 1(6) INFINITELY LONG PLATE OF FINITE WIDTH 


WITH PLAIN CIRCULAR HOLE 


Distance 

fron | PO at 30° in terms of q 

Kole No Hole! h=0.la h=0.2a h=0.3a, h=O.4a 5a 

1.000 | 

| O.1a 1.000 | 0.000 

| 0O.2a + 1.000 |1.348 0.000 ' 

| QO.3a , 1.000 1.217 ‘1.4468 ‘0.000 

O.4a : 1.000 11.143 1.464 .1.527 0.000 | 

0.Sa { 1.000 /1.103 1.383 1.712 1.716 0.000 

0.6a | 1.000 ,1.079 1.311 1.666 , 2.051 | 2.114 

0.7a {| 1.000 1.062 1.2951 1.570 2.023 | 2.577 
0.82 | 1.000 | 1.046 1.290 | 1.447 | 1.847 | 2.459 
0.9a ' 1.000 !1.028 1.115 1.275 |1.533 | 1.973 

12000 , 1:003 1.006 | 1.028 


TABLE 2(a) SQUARE PLATE WITH PLAIN CIRCULAR HOLE 


in20+ Bqsin6o+Cqeinl00 
h-0O.la 
heO.2a |-4.531)-0.001 
heO0.3a | -5.283/ -0.009 
h=0.4a |-6.53 |-0.06 
h=0.5a /-8.58 |-0.23 
n=0.5a |-8-637| -0. 322 -0.001 
(3 terms)| 


TABLE 2(6) SQUARE PLATE WITH PLAIN CIRCULAR HOLE 


Distance at O=0" in terms of q | 
rom — 
Center of/h=0.1la/ heO.2a! | hs0.5a 
Hole (2 terms) (3 terme) 
O.la 0.00 
0.2a 1.35 0.00 
O.3a 1.22 1.46 0.00 
O.4a 1.14 1.47 1.54 0.00 
0.5a pS 1.38 1.72 pe! 0.00 0.00 
0.6a 1.08 1.30 1.65 2.03 2.05 2.10 
0.7a 1.06 1.24 1.55 1.99 2.50 2.56 
0.8a 1.04 1.18 1.42 1.82 2.40 2.45 
0.9a 1.03 1.28 1.55 2.01 
| 1.0a 1.01 | 1.03 | 1.09 | 1.18 | 1.34 1.05 


. 
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TABLE 3(a) SQUARE PLATE WITIE CIRCULAR HOLE REINFORCED WITH RIM ONLY 


, 68 = 
PS = Cqcos8O+Dqcos6e 


At p= h = 
40% | -2.647 
Reinf. | h=0.3a 


2.616 0. 000+0.987, 0. -000 


| 


| |) | 


h=O.4a -3.460 
Sa|-4. 19 
he0. la| -1.53¢ 
10% h=0.2a/-1.630 
789 


00 3. 384 0. 014 
Ol +4. 44 68 -06 


0.000-1. oO. 000+1. 539 0.000 
0.000-1.875 0.000+1.630 0.000 
140.00 


Reinf. 
(a=0.5ht)} he0.4a) -2.024 


h=0.5a/-2.37 -19 +0.01 2. 73 }+-0.02 42.37 40.06 

1a! -0.946 0.94@ 0.000-1.230 0.000+1.89q4 0.000 
200% h=0.2a' -0.994 0 0.994 0.000-1.29q 0.000+1.98a8 0.000 
Reinf. | h=0.3a|-1.077 
(aeht) | 
Ol +-1.38 +0.01 |-1.79 |-0.01 +2.75 40.05 | 


TABLE 3(}) PLATE WITH CIRCULAR HOLE REIN- TABLE 4 SQUARE PLATE WITH HOLE REIN- 


FORCED WITH RIM ONLY FORCED WITH RING ONL 
| from Po at in terms of a = 
| Center ot} 7 
Hole h=0. la) h=0. h=0. h=0. 4a! | 
O.la | 0.99 | tyecty 
| | 1.80. 1.29 | Reinforcing 40% 100% 200% 40% 1006 20 
| 40% | 1.40 1.67 1.40 k 9. 5477%.0.61 7070 -591600. 707% 0. E6608 
Reinf. | 0.5a 1.08; 1.30 1.68 1.92 1.76] 
\(awO.2ht)) 0.6a 1.06 | 1.23 1.52 1.90. 2.a9 | -5.64 -5.24 -4.75 
0.78 1.0@ 1.18 1.42 1.78 2.27 | | B 70-10 |-0.08 |-0.06 -0.13 -0-10 -0.10 
| A -0.30 '-0.28 -0.12 -0.42 -0.20 +0.15 
1.08 1.01 1.03 1.07 1.13 1.24 at /=k B #0.01 ‘00.038 20.07 ¢0.11 
O.la 1.54 A -3.40 -1.37 -0.29 i-2.79 -0.88 +0.05 
| 0.28 1.29 1.63 at pk -0.03 0.00 0.00 '-0.03 -0.01 +0.08 
5 
| ent. i 1.06 1.96 1.88. 2.00 2.43 at D 9.03 #0.03 +0.03 10.05 #0.06 +0.02 
1.04 ° 1.15 35 .68 2.18 -0. -0. -0.35 -0. 
| ta 1's 1.92 | at £0.01 +0.07 40.12 +0.14 +0.22 
1.08 Tl 1.20 | -3.58 -1.54 -0.36 -2.92 -0.94 +0.09 
| | 99 C 62.12 42.65 2.52 [42.35 «2.80 41.96 
} | Pex at +0.09 +0.10 ,+0.03 +0. 11 +0.04 
| 200% {| O.4a 1.08 1.233 | 1.77 | 2.41 
| 1.06 1.23 1.55 2.06 2.81 at O=0" in terms of q 
Awht) | 0.6a 104 1.17 1.41 1.61 2.44 
| 1.02 1.10 1.83 | 1.46 1.85 
0.98 1.01 1.C6 115 1.30 1.55 | 9.89 2.47 1.17 1.09 
a2 
— PO at 720.72 2.43 2.43) 1.32 1.22 
at 2.60 2.61 
at 2.140 2.08) 2.10 2.19 2.20) 1.18 
For the plate with finite dimensions, numerical computation is 1.76 1.70 1.67 °1.81 1.77 
done only for a square shear panel, which is antisymmetrical with at 1.23. 1.21 1.27 1.25 1.25 
respect to the z- and y-axes and symmetrical with respect to the 
lines @ = + ro Therefore, in the expression for the stress func- Amount of reinforcing = 40 per cent, 100 per cent, or 200 


per cent of original hole material (see Table 4). 
(d) Square shear panel with a circular hole reinforced with 
both.rim and ring: 
6 examples; Ah = 0.5a ty = 3tx or 2tx 
(a) Square shear panel with a plain circular hole: Amount of reinforcing = 40 per cent, 100 per cent, or 200 
5 examples; h = 0.1a, 0.2a, 0.3a, 0.4a, or 0.5a (see Table 2). per cent of original hole material (see Table 5). 
(b) Square shear panel with a circular hole reinforced with Curves for selected cases are presented as Figs. 4 to 6. 
rim only: 


tion, n can only be odd. Only two terms, n = 1 and n = 3, 
are used in all examples. The variables considered in the differ- 
ent cases are as follows: 


15 examples; h = 0.1a, 0.2a, 0.3a, 0.4a, or 0.5a. Cuck on Bounpary Conprtions 

Amount of reinforcing = 40 per cent, 100 per cent, or 200 As previously stated, the solution of a two-dimensional stress 
per cent of original hole material (see Table 3). problem is to find a stress function F, such that the resulting 

(c) Square shear panel with a circular hole reinforced with _ stresses satisfy prescribed values at the specified boundaries with 
ning only: the further requirement that V‘F = 0. In the present problem, 


6 examples; h = 0.5a ty = 3t,q or 2tx no matter how many terms are used in the sine series for the 
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TABLE 5 SQUARE PLATE WITH CIRCULAR _—— REIN- 
ORCED WITH BOTH RIM AND RIN 


So, 68 = Aqsin20+Bqsin6o 


Cqcoe20+Dqcoe6e 
h=0. 5a 


Reinforcing Equally Divided between Rim and Ring 


+ 


_ 


1 4 

Reinforcing 40% | 100%| 200%| 40% | 100%] 200% 
A | O.Inty (0. 1hty (0. 

x | 0.5240. 558080. 612410.547% 0.612480. 7074 


L299 -4.73 -3.21 12.13 
B,-0.06 |-0.03 -0.02 -0.07 |-0.03 10.02. 
A) -0.15 |-0.25 10.35 -0.24 |-0.40 [0.53 

0.00 0,00 | 0.00 , 0.00 | 0.00 


-4.57 |-3.07 -2.18 -4.80 '-3.33 [-2.29 
0H at -0.06 |-0.03_|-0.02 -0.07 -0.03 |-0.02 
C7 +0.30 {40.50 40.69 10.47 b&1.07 
at poh +0.01_|+0.02 40:02. -02 |+0.03_ 0.02 
A -0.29 {-0.31 -0.20 +0.42 '-0.32 

at O 00 _|+0.01 +0.02 (+0.01 +0.03 1+0.04 
A] -3.67 '-1.59 -0.45 |-3.26 -1.24 -0.3e 

OOH at r=k -0.03 | 0.00 | 0.00 |-0.03. j-0.01 |-0.01_ 
at +0.02 [40.02 [40.06 +0.04 |40.03 
A| -0.87 j-0.94 /-0.60 |-0.85 /-0.€3 /-0.05 
at 0.00 '+0.03_-0.05 +0.02 40.06 0.09. 
A| -3.85 {-1.78 |-0.57 |-3.28 |-1.33 |-0.39 


OOK at -0.03 0.00 +0.01 |-0.02 0.00, 
+1.94 j+2.56 #2.58 |+2.49 +2.20 
at +0.07 '+0.07 +0.06 0.08 +0.07 +0.06 


at in terme of q 


PO at f=0.5a/} 0.31 | 0.52 | 0.71 | 0.49 0.83 | 1.09 
at | 2.02 | 2.63 2.19 
at f20.6a! 2.31 | 2.51 | 0.90 | 2.34 | 1.28 | 1.27 
FO at p=k | | 2.64 | 2.56 | 
at 9.29 | 2.21 | 2.17 | 2.30 | 2.25 | 1.14 
Pe at f= | 2.26 
PQ at 2.07 | 1.93 | 1.81 | 2.08 | 1.94 | 1.95 
at f=0.9a! 1.73 | 1.61 | 1.50 | 1.74 | 1.61 | 1.51 
at fel.0a| 1.25 | 1.20 |1.16 | 1.24 | 1.20 1.16 | 


Values of @ 


JUNE, 1946 


ary by Green’s theorem in the plane. Thus, let F, and F, be 
the true and approximate stress functions. Then 


Q= (V2F, —V2F,)%dady = min 
= — V°F,)*dxdy = [(V °F, V°F,) 


(V*F, —V*F.) — (F, — F,)(V — V ‘F 4) |dxdy 


7 


(F, — re | dS = min 


At the internal boundary: When the hole is plain, F,, FF ’, F,, 


oF oF 
and ——are allzero; when there is arim, F and — at the circular 
ON 


boundary are treated as unknowns. So the error minimized, or 
the quantity Q, is due to incomplete satisfaction of the boundary 
conditions around the external boundary only. 

The stresses zz and ry at the straight edges of the square shear 
panel are computed for five cases. At the right « edge, xt should 
be zero and zy should be +q. The errors in zr and zy at the 
right edge from the mid-point to the upper right corner for the 
five cases are plotted in Fig. 7. The errors at the corners are 
quite large, especially for large holes. However, the disturbance 
across the upper right corner, which amounts to a force very 
nearly perpendicular to the diagonal, is compression when two 


Values of P 


2------- for latinite Plate 
—— — for Infinitely Long Plate of Finite Width 
——-/or Square Plate 


Fic. 4 PERFORATIONS IN SHEAR WEBS 


stress function, the compatibility condition V‘F = 0 and the 
internal boundary conditions are always satisfied. It is then 
logical to conclude that the fundamental assumption, that the 
area integral of the square of error in V?F shall be a minimum, 
must have something to do with the external boundary. This 
area integral can be reduced to a line integral around the bound- 


terms are used and is tension when three terms are used. Thus 
the computed stress concentrations at the rim of the hole tend to 
be too large for two terms and too small for three terms. The 
closeness between the maximum $6 values 8.35q and 8.316q for 
the plain circular hole h = 0.5a shows that the effect of corner 
disturbance is small, 
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Fig. 5 Square SHear Wits Crrcutar Hote Retnrorcep Rim Onty 
(Amount of reinforcing = 100 per cent hole material.) 


“4 
| ¢ 
< Fy 
/ / > ¢ 
3 | / 
Re 
| 


Pos.) 


Va/ues of P 


ot Poh 


. 2 


Fie 6 Square Swear Panet Crrcutar Hote; Equat REINFORCEMENT IN Rim Rivne, tg = 2tx 


Discussion analysis the stresses are assumed to be uniformly transmitted 

The theoretical results, though giving some indication of the from the thin plate to the thick ring, and (2) the nonuniform 

effects of such variables as hole diameter, amount and ways of _ transmission of stress through the riveted or welded connection, 
reinforcement, etc., must await experimental data for justifica- while in the analysis the whole piece is considered monolithic. 

tion. _ The chief uncertain factors are (1) the abrupt change of The uncertainty involved in applying the theoretical results 

thickness at the outer radius of the ring where in the theoretical to flanged holes for the purpose of web-lightening in aeronautical 
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structures is even much greater. The flange is usually turned in 
one way at an angle. The action of this eccentric rim is un- 
known. When experimental data become available, the theo- 
retical results may help the interpretation in regard to such 
variables as the hole diameter-panel length ratio, and the flange 
size. 
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On the Velocity Distribution of Turbulent 
Flow in Pipes and Channels of 


Constant Cross Section 


By CHI-TEH WANG,'! PROVIDENCE, R. I. 


This paper follows the Prandtl conception of momentum 
transport and gives a critical examination of the so-called 
Prandtl-Nikuradse formula and the von Karman for- 
mula for the velocity distribution of the turbulent flow 
in tubes or channels at large Reynolds number. It shows 
that both formulas would not give a good picture of the 
turbulent flow near the center of the conduit, and indeed 
they actually do not. A new formula for the velocity 
distribution is developed from a study of the mixing- 
length distribution across the section. This new for- 
mula checks quite well with the experiments and yields 
the same skin-friction formula as derived by von Karman 
and Prandtl, which itself is in very good agreement with 
experiments. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


u,v,w = mean velocities at any point in direction of and per- 

pendicular to axis of pipe, respectively 
velocity fluctuation in z- and y-directions, respectively 
time mean value of u’ v’ 
distance from wall 
radius of circular pipe or half the distance between 
walls of a channel 
uaty =r 
y/r 

r 

shearing stress at any point 
shearing stress at wall 
mass density of fluid 

to/p = “friction velocity” 
coefficient of viscosity 
kinematic viscosity 
natural logarithm 
von universal constant 
linear parameter defining wall roughness 
Prandtl’s mixing length 
Umax T/y = Reynolds number 
average velocity in pipe or channel 
7o/1/sp(Umax)? = coefficient of friction 
thickness of laminar sublayer 


5 


3 


= 
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INTRODUCTION 


The turbulent flow in tubes and channels of constant cross 
section has been successfully described by the so-called 
logarithmic laws bearing the names of Prandtl-Nikuradse and 
von Kérman. Both von K4rmén’s original derivations (1, 2)? 
and those given by Prandtl (3, 4) have been based primarily 
on von Ké4rmén’s conception of turbulent-flow-pattern simi- 
larity. 

These logarithmic laws give a very good agreement between 
theory and experiments in connection with skin friction; but a 
rather poor agreement in connection with the velocity distribu- 
tion across the tube or channel. This poor agreement in velocity 
distribution was first questioned by Gurjienko (5) in his study 
of the skin-friction problem for an airship. Goldstein (6) 
further cast doubts on the exactness of the similarity theory. 
The problem was subsequently discussed by Millikan (7) and 
von Mises (8). In fact, von Kaérmdn (9) himself has pointed 
out that the strict similarity of the actual motion is too severe 
a restriction and can hardly be expected to exist in regions of 
finite extent. 

Von K&rm4n (9) has further pointed out that the development 
of turbulence depends on the balance between the transfer 
of energy from the mean motion into the fluctuations and the 
dissipation due to fluctuations, and the equations based on 
this conception would be expected to give a satisfactory theory 
of turbulence. Although the author shares this view with von 
K4rm4n, until such a theory can be developed to a practical 
form, the classical mixing-length theory, nevertheless, is still 
the only theory so far which furnishes a reasonable physical 
picture of the turbulent flow. 

This paper follows the Prandtl conception of momentum 
transport and gives a critical examination of the so-called Prandtl- 
Nikuradse formula and the von Kaérm4n formula for the velocity 
distribution of the turbulent flow in tubes or channels at large 
Reynolds number. It shows that both formulas would not give 
a good picture of the turbulent flow near the center of the con- 
duit, and indeed they actually do not. A new formula for the 
velocity distribution is developed from a study of the mixing- 
length distribution across the section. This new formula checks 
quite well with the experiments and yields the same skin-friction 
formula as derived by von Kaérmdén and Prandtl, which itself is 
in very good agreement with experiments. 


REVIEW OF FUNDAMENTAL CONCEPTS 


The first detailed theoretical investigations of turbulence are 
due to Reynolds (10). By considering the time mean of the 
equations of motion of an incompressible turbulent fluid, Reyn- 
olds has shown that the spatial and temporal oscillations of the 
velocity occurring in the mixing movement affect the average 
motion like an internal friction. Taking a simple two-dimen- 
sional flow in which 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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u = u(y), v=w=0 


the Reynolds expression for the total frictional stress in turbulent 
flow is 


The first part is the viscous or laminar friction. The second part 
is contributed by turbulence and is the apparent or turbulent 
friction. This turbulent friction can be interpreted as due to 
the momentum transfer from layer to layer because of the 
velocity fluctuations. As in the case of the flow just mentioned, 
the excess of momentum in the direction of the mean flow carried 
by the fluid per unit volume is pu’, and the fluid volume passing 
through a unit area perpendicular to the y-direction is equal to v’. 

Experiments have shown that in the turbulent flow along a 
wall, there exist roughly three regions. Near the wall there is a 
thin layer called the laminar sublayer in which the rate of shear 
is very great while the turbulent velocity component perpen- 
dicular to the wall is very small, so that the turbulent stress is 
insignificant compared with the laminar stress. Farther from 
the wall there is another region in which the turbulent stresses 
and the laminar stresses are of the same order of magnitude. 
Finally, further out there is a region in which the laminar stresses 
may be neglected in comparison with the turbulent stresses. 

For flows in pipes and channels in the important range of high 
Reynolds number, experiments indicate that the laminar sub- 
layer is very thin, and the laminar friction is a negligible part of 
the total friction except in the immediate neighborhood of the 
wall. Equation [1] can then be written as 


Prandtl then proposed the hypothesis that in the turbulent 
exchange lumps of fluid are supposed to transfer momentum from 
one layer to another just as molecular agitation transfers proper- 
ties like heat and momentum in a nonturbulent fluid. The 
transfer of momentum is supposed to be affected by the motion 
of lumps of fluid which leave a layer in which their momentums 
are those of the mean flow in the neighborhood, and move in a 
direction transverse to the mean flow through a distance 1. At 
this point they are supposed to mix with the surrounding fluid, 
so that their momentums become identical with the average mo- 
mentum of the fluid in that region. 

Let us pass now to a continuous flow exemplified in Fig. 1 by 
a velocity curve u = u(y), o-o being a plane parallel to the axis 
of the main motion. Assume that there is a turbulent mixing 
process present, with cross-current pulsating velocities =v’. 
Let 1 be the distance from o-o to some other layer b-b where a 
particle, animated by the pulsating vertical velocity v’, could 
reach a layer adjacent to o-o and be embedded there. Following 
a simple reasoning, one may put 


u=u(y) 


(a) (b) 
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du, 
where i the local velocity gradient ato. From the continuity 


condition, to maintain constancy of mass, the velocity fluctua- 
tions in the axis and in the cross-current directions must com- 
pensate each other (see Fig. 1c), and therefore on the average 
the components wu’ and v’ must be of the same order. One may 
then write 


u'v' = const ju’! | 


° 
—_ 
~~ 
“el 
rs 


where | u’| and |v’| are the time mean values of the absolute 
values of u’ and v’, respectively. Since / is a relative measure 
of the flow pattern, one may define / by writing 


where / is the Prandtl mixing length of momentum transport. 
In circular pipes or in channels, it is known that 


where ro is the shearing stress at the wall. 
tions [5] and [6], we have 


By combining Equa- 


or 


r du du 
dé dn 


To 
-f andvy = 
p 


DISTRIBUTION OF Mrxinc Lenora Across Conpvuir 


where = y/r, and n = 1 - 


Equation [8] gives the relationship at a point between the 
mixing length, the friction velocity %, the velocity gradient, and 
the position of the point. It seems important to investigate the 
existence of any law which might govern the distribution of the 
mixing length. 

Following the experimerital results by Fritsch (11), von 
K4rma4n obtains the “velocity-defect law” at large Reynolds 
number as 


Umax 


[9] 


This law is assumed to hold throughout the flow, except in the 
immediate neighborhood of the wall, and the function f is a func- 
tion of the position of the cross section of the conduit only. 
Differentiating Equation [9], we have 


and combining it with Equation [8], we have 


where g is another function of the position of the cross section of 
the conduit only. Therefore, we have proved that the mixing 


: 
| 
q 
du — 
| 
du \? 
Wy 
| u’| = const 
y 
u 
4 
= ° 1 du 
Fic. 1 ees [10] 
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length at high Reynolds number is independent of the Reynolds 
number, the friction velocity, and the wall roughness, but depends 
only on the position of the cross section. A review of Niku- 
radse’s experiments (12, 13) indicates the correct relationship of 
Equation [10]. Experimental mixing-length distributions have 
been calculated by Nikuradse, and he shows that, for Reynolds 
numbers greater than 6 X 10‘, the mixing-length distribution, 
both in the smooth and rough pipes, can be represented by a 


y 
single curve when - is plotted against >. 
° r r 


l y 
From the consideration of symmetry, the - versus ~ curve must 
r r 


be symmetrical with respect to the axis of the conduit. Since this 
curve must have a continuously turning tangent at the axis, the 
slope of the curve there must be zero. These considerations lead 
to the assumption that this curve can be represented by the 
following series 


l 


=(atb+ct+...) + (—2b—4ce+ 


Now consider a region near the wall. The paths of the par- 
ticles perpendicular to the flow are bounded by the wall; and 
they tend to be zero in the neighborhood of a smooth wall, and 
of the order of magnitude of the depths of the irregularities in a 
rough wall. Therefore, / must tend to zero as we approach the 
smooth wall, but toward a relatively small finite value if the wall 
is somewhat rough. 

Furthermore, let us limit ourselves to a narrow strip near the 
wall, in which the change of shearing stress can be neglected. 
If we suppose that / is determined by the configuration of the 
boundaries and by the physical constants, then / and y are the 
only lengths which enter directly into the problem. The other 
quantities which enter are », p, and the constant value ro of the 
Only two independent dimensionless combi- 
When the 


shearing stress. 
nations can then be formed, namely, //y and yrs /»v. 
influence of viscosity is neglected, we have 


where « is von Karmaén’s universal constant and has been de- 
termined to be equal to 0.4. 

Therefore, in the region near the wall but outside the laminar 
sublayer, the mixing-length distribution curve must be of the 
form 


= + higher-order terms in & [12] 

Equation [11] applies to a region e, S € S 1, where eis a small 
positive quantity, and Equation [12] applies to a region 0 < — < 
€:, Where ¢: is another small positive quantity. Assume there is 
a region e, S & S e& in which Equation [11], and Equation [12] 
can be applied. If we take the first three terms in Equation 
[lla], the foregoing discussion would give us the following two 
relations 


atb+c=0 | 


—2b—4c = 0.4 f 


Another relation must be furnished in order to determine these 
constants uniquely, and this relation can be obtained from 
Nikuradse’s mixing-length distribution curve. We must note 
here that since a numerical differentiation is necessary to compute 
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l, the process is usually inaccurate, especially toward the axis of 
the conduit where | is determined by two small quantities. A 


point on the curve at ~ = 0.5 is therefore arbitrarily chosen; 
r 


since it is as good as any, it gives = 0.116. Substituting into 
Equations [11], we have 

a + 0.25b + 0.0625¢ = 0.116............ {14} 
Solving Equations [13] and [14] simultaneously, we obtain 


a=0.14, b= —0.08, c = —0.06 


It is very interesting to see that these constants have exactly 
the same values given by Prandtl to approximate Nikuradse’s 
experimental curve. 


Equation [11] can now be written as 


l 
= 0.14 — 0.08 n? — 0.06 n*........... [15] 
and checks very well with Nikuradse’s curve, Fig. 4. This is 
the mixing-length equation applied to both smooth and rough 
pipes or channels at large Reynolds number except in the imme- 
diate neighborhood of the wall. 


EXAMINATION OF PRANDTL-NIKURADSE AND VON KARMAN 


FORMULAS FOR VELOCITY DISTRIBUTION 


It has been shown in the foregoing section that in a region 
near the wall, 7+ can be regarded as equal as constant te 


and - = «x. Substituting these relationships into Equation [5] 
and integrating, Prandtl gives the following wall velocity formula 


for velocity distribution near the wall 


where cis a constant. Applying this formula to his experimental 
data, Nikuradse found that it can be applied with a good approxi- 
mation even up to the middle of the tube. By substituting the 
boundary condition that at y = r, u = Umax, Nikuradse obtains 


Umax — U 


This is the so-called Prandtl-Nikuradse formula. 
Von Karman assumes a similar pattern of the turbulent flow 
and has put forth his assumption of the mixing length as 


Substituting Equation [18] into Equation [7] and integrating, 
von Karmian’s formula for velocity distribution is as follows 


Umax U 


v, 


1 
= —-[In(l1— Vy) + V9 )....... [19] 
A 


max 


Plots of Equation [17] with — > against In £and Equation 


‘max 


u 
{19] with — against [In(1 — Wy) + Vy! are shown in 


Figs. 2 and 3. It is seen that the experimental points do not 
lie on the respective straight lines. Gurjienko (5).suggests the 
use of two «’s for approximating the experimental values, but 
there does not seem any theoretical justification. It may be 
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pointed out here that Equation [16] fits the experimental results 
(4, 12) much better than Equation [17]. This difference is due 
to the fact that the boundary condition at the middle of the pipe 
is used in deriving Equation [17], whereas it is not used in 
Equation [16]. Equation [16] gives a good over-all fit to the 
experimental data except near the middle of the tube. 

It is worth while to mention another inconsistency in the two 
formulas mentioned. The velocity gradients in the Prandtl- 
Nikuradse and von Karman formulas are, respectively 


(*) 

dt/p «é 

(“) 


at the center of the pipe. Both expressions give finite values of 
the velocity gradient. The result appears to be inconsistent, as 
naturally the velocity curve must pass through the maximum 
with zero velocity gradient there. 


d 
Substituting = from Equation [20] into Equation [8], the 


mixing lengths of the Prandtl-Nikuradse and von Karman 
formula are, respectively 


- V1—e(1— V1 — 8) 


Equations [21] are plotted in Fig. 4. The inconsistencies of 
mixing lengths of both formulas with the Nikuradse curve may 
furnish a good explanation why these formulas do not check with 
experiments near the center of the pipe. 
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Comparing Figs. 2 and 3, we find that the Prandtl-Niku- 
radse formula gives a better approximation to the experimental! 
results than the von Kérmdén formula. This is again clearly 
seen in Fig. 4; but it must be noted that this better agreement 


with the experiments is purely accidental because ‘was assumed 
to be equal to « — in the original derivation; therefore, the entirely 
different form of obtained in Equations [21] can be explained 
in no other way than as an accident. 


New Formuta For VELociITY DisTrRiIBUTION 
A formula for the velocity distribution can be derived from the 
expression for the mixing length as given by Equation [15]. 
Equation [15] can be written as 
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= 0.06 (1 — n?)(2.33 + 


Expanding in partial fractions 


1 


‘) 0.2 \1 — »? 
Tr 


Substituting Equation [22] into Equation [8] and rearranging, 


we obtain 
% dy 2.33 + 


1 vn dn 
fu 


Letting 2 = 1, there results 


1 
....... 22 
+ 2.33 + 3) som 


_v 


2.33 + n? 


2x? « 
2 


Equation [24] can easily be integrated.’ 
boundary condition that w = Umax at 7 
expression, the equation becomes 


_ 22? de 128) 
2.33 + 2x‘ 


After substituting the 
= 0 into the resulting 


max — 1 1 1 
Ye 1— V 2a 

n+ V2an + a 


+ tan”! [25] 
where = O.4 anda = 9/2.33 = 1.53. Equation [25] is applied 
to both smooth and rough pipes or channels at large Reynolds 
number, except in the immediate neighborhood of the wall. The 
limit of ‘large’? Reynolds number from Nikuradse’s experiments 
isR>6 X 104. 

The formula is plotted in Fig. 5 and checks very well the 
experimental results. The velocity gradient is given by Equa- 
tion [23] and is zero at the center of the pipe. Thus this formula 
does not have the inconsistency of the other formulas. 

The skin-friction, or wall velocity, formulas can be derived 
from Equation [25] when it is applied to the region near the 
wall < < &). Note that = 1—£&. For the region near 
the wall, 1, and 4/1 — (1—?/;£). Equation [25] can 
then be written as 


1+1— 


Umax — U 1 2 é 
= In — 2 tan-'{ 1 — 
K 
1—1+- 
1 
4/24 


+ 


1 
K 


* By using from Dwight’'s 
170.2 and 171.2. 


“Integration Table’ (14) formulas 
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Equation [26] can be easily transformed into Prandtl’s wall 
velocity formula, which is applied to the outside of the laminar 
sublayer. Thus we see that for small &, our formula is exactly 
the same as Prandtl’s wall velocity formula, and it is applied to 
a much larger region than we have expected. It can be actually 
applied to a region from the laminar sublayer to the axis of the 
conduit. 

Here we shall divide the turbulent flows into three categories 
or regimes, as follows: 


(a) One in which the roughness is so small as to have no 
effect, conditions being the same as if the wall were ideally 
smooth. Weshall refer to this as ‘‘smooth-wall flow.” 

(b) One in which viscosity or rather Reynolds number has no 
effect and the roughness is the controlling factor. We shall refer 
to this as “rough-wall flow.” 

(c) An intermediate or transition regime between (a) and 
(b) in which both viscosity and roughness are important. 


In the case of “smooth-wall flow,” the thickness of the laminar 
sublayer and the velocity outside the sublayer can only depend 
on the friction at the wall, the viscosity, and the fluid density. 
On the basis of dimensional considerations, the velocity us i.m 
just outside the laminar sublayer may be expressed as 


Usiam = Ade.... 
and the thickness of the layer as 
[28] 


By applying Equation [26] to the outside of laminar sublayer 
and combining with Equations [27] and [28], we have 


v. v 
K Vv 


where C’ includes the constants A, B, C, ete. 
coefficient of friction 


Introducing the 
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Cr 3 pUmax? 
and Reynolds number 
R= ume 
we have 
9 — 


VC; 
where C’’ = C’ — Inv/2. With the constant determined by 
Nikuradse, the skin-friction formula is 


Cy 


In the case of ‘‘rough-wall flow,” we may start with Equation 
[26] and follow Prandtl’s reasoning to obtain the formula 


as given by Prandtl (4), where k is a linear parameter defining 
the wall roughness introduced by von Mises (15). 

It is seen that Equation [25] leads to the same skin-friction 
formulas as derived by von Karman and Prandtl. 


CONCLUSION 


The turbulent flow in a tube is not isotropic in nature. The 
description of the state of turbulence by the statistical theory 
therefore becomes quite complicated. Although von Karman 
has presented a detailed discussion of the Couette problem or 
the two-dimensional flow with constant shearing stress from the 
point of view of energy transport and dissipation, and vorticity 


TABLE 1 
at 
Nikuradse’s Theoretical 
n experiment? Eq. [25] 

0.00 0.00 9.00 
0.02 0.02 0.01 
0.04 0.04 0.04 
0.10 0.15 0.15 
0.20 0.42 0.43 
0.30 0.77 0.80 
0.40 1.26 1.26 
0.50 1.80 1.81 
0.60 2.50 2.49 
0.70 3.37 3.34 
0.80 4.56 4.49 
0.85 5.39 5.28 
0.90 6.48 6.37 
0.93 7.47 7.31 
0.96 8.85 8.75 
0.98 10.55 10.50 
1.00 15.09 


@ Average of Nikuradse’s test results at R > 6 X 10‘ (reference 12). 
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dissipation, the extension of his theory to the case of pressure 
flow in pipes or channels seems to be difficult to carry out. 

At present, it seems that one has to be satisfied with the semi- 
empirical mixing-length theory and to use the more accurate 
formula for velocity distribution as derived in this paper. Ob- 
viously, this new formula is much more complicated than the 
original logarithmic laws. When an approximate velocity 
profile is needed, the Prandtl-Nikuradse formula is recommended, 
because not only is it simpler in form, but it also gives a better 
agreement with the experimental results than the von Kaérmadn 
formula, The different formulas are plotted to compare with 
Nikuradse’s experimental results in Fig. 5. 
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Measurements of Friction in a Pipe for 
Subsonic and Supersonic Flow of Air 


By J. H. KEENAN! ano E. P. NEUMANN,? CAMBRIDGE, MASS. 


The apparent friction coefficient was determined experi- 
mentally for the flow of air through smooth pipes at sub- 
sonic and supersonic velocities. Values of the Mach num- 
ber ranged from 0.27 to 3.87, and of Reynolds number from 
1 X 105 to 8.7 < 105. In supersonic flow the results were 
found to be strongly influenced by the presence of oblique 
shocks formed at the junction of nozzle and pipe. The 
effect of these shocks on the coefficient of friction was 
determined. Nozzle forms were devised which eliminated 
the shocks and their effects. It was found that at dis- 
tances from the pipe inlet greater than 50 diam the ap- 
parent coefficient of friction for compressible flow at Mach 
numbers greater or less than 1 is approximately equal, for 
equal Reynolds numbers, to the coefficient of friction for 
incompressible flow with completely developed bound- 
ary layer. Mach numbers greater than 1 are rarely 
maintained for lengths greater than 50 diam. For attain- 
able lengths, the coefficient of friction is a function of the 
ratio of length to diameter and the Reynolds number, 
with the Mach number at entrance determining the 
maximum attainable length. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


a = cross-sectional area of test pipe, sq ft 
D = diameter of test section, ft 
d = throat diameter of nozzle, in. 
F = wall friction force, lb 
G = mass rate of flow per unit area, lb per sq ft per sec 
g = acceleration given to unit mass by unit force, ft per sec 
per sec 
h = enthalpy, ft-lb per lb 
k = ratio of specific heats 
L = length of test section, ft 
M = Mach number = V/V ge,(k — 1)T,,J 
p = pressure, psfa 
R = Reynolds number, GD/u 
T = temperature, deg F abs 
T,, = Mean stream temperature at a given cross section of test 
pipe, deg F abs 
T; = mean stream temperature at the initial state of fluid 
stream, i.e., where V = 0 (deg F abs) 
mean velocity of fluid stream at given cross section of 
test pipe, ft/sec 
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v = specific volume, cu ft per lb 
w = mass rate of flow, lb per sec 
x = distance along test section, ft 


T 


\ = friction coefficient = 


z=L 
Adx 
z=0 
A, = friction coefficient calculated from 


V 42, 
with R based on 
\, = friction coefficient calculated from preceding equation 
with R based on 7; 
491.6 + 205.2 


uw = mean stream viscosity = 1.147 x 10-§ — 


+ 205.2 
| ( ) 
p = mass density . 
v 


T 5/3 

™ Ib/(ft sec 
) 

7 = friction force per unit of wall surface, psf 

6 = angle between walls of entrance nozzle 


Subscripts: 
t refers to initial state of fluid stream where velocity is zero 
1 and 2 refer to arbitrary datum sections along test pipe 


Constants used in calculations: 

k = ratio of specific heats, 1.4 

c, = specific heat at constant pressure, 0.240 Btu/F lb 
J = number of ft-lb in 1 Btu = 778.3 


INTRODUCTION 


The effect of friction on the flow of compressible fluids in pipes 
of uniform cross-sectional area was investigated analytically by 
Grashof (1)* and Zeuner (2), who arrived at a relationship be- 
tween velocity and friction coefficient for perfect gases. Stodola 
(3) showed that the curves of Fanno permit a general graphical 
treatment for any law of friction. Frdéssel (4) presented the first 
extensive measurements of friction coefficients for the flow of air 
through a smooth tube with velocities above and below the 
velocity of sound. His measured coefficients for both subsonic 
and supersonic compressible flow appear to be in excellent agree- 
ment at corresponding Reynolds numbers with coefficients 
measured for incompressible flow. Keenan (5) presented experi- 
mental data on commercial pipe for the flow of water and for the 
flow of steam at subsonic velocities. These indicated that the 
friction coefficient is the same for the same Reynolds number for 
an incompressible fluid and for subsonic flow of a compressible 
fluid. 

In the subsonic region the measurements of Fréssel and of 


3 Numbers in parentheses refer to the Bibliography at the end of 
the ‘paper 
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Keenan were in accord in that they revealed no variation of the 
friction coefficient which was peculiar to compressible fluids. In 
the supersonic region the measurements of Fréssel pointed to a 
similar conclusion. Fréssel’s data for this region were published 
as a chart‘ which, despite its small scale, seemed to reveal great 
irregularities in the data. The friction coefficients, which were 
computed from the derivatives of the curves through the experi- 
mental points, must have been subject to great uncertainty. 


OF INVESTIGATION 


Some preliminary investigations (6) into supersonic flow of air 
which were made in the laboratory of mechanical engineering 
at the Massachusetts Institute of Technology indicated friction 
coefficients appreciably different from those reported by Fréssel. 
The present investigation was undertaken in an attempt to re- 
solve this disagreement and to obtain some dependable experi- 
mental data on supersonic flow with friction. In order to tie the 
investigation into previous studies of the flow of incompressible 
fluids, some measurements of subsonic flow were included. 


Test APPARATUS 


The arrangement of the test apparatus is shown in Fig. 1. Air 
is supplied by either a two-stage steam-driven compressor or a 
rotary electric-driven compressor. At the discharge from the 
compressor is a receiver to smooth out fluctuations in flow. For 
some tests a dehumidifying system was used to remove moisture 
from the air leaving the compressor. This dehumidifying system 
consists of a cooling coil followed by a heating coil. It is con- 
nected into the system as shown in Fig. 1. 

The air stream is introduced into the test pipe through a 
rounded-entrance nozzle of circular cross section. Details of 
the nozzles used in different tests are shown in Figs. 2 to 5, in- 
clusive. 


‘ Reference (4), Fig. 7. 
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The test pipe is in each instance a piece of standard drawn- 
brass tubing. For the subsonic tests the inside diameter of the 
tube was 0.375 in. For the supersonic tests three tubes were 
used having inside diameters of 0.4375, 0.498, and 0.945 in., 
respectively. 

The air stream leaving the test. pipe is discharged either to the 
atmosphere or to an ejector which uses steam as the primary 
fluid. 

The pressure measurements, from which the friction coeffi- 
cients are calculated, were made at holes of 0.020 in. diam drilled 
in the tube wall. To avoid a burr at the inside edges of the pres- 
sure holes, the inside of the test pipe was carefully polished with 
fine emery cloth. Connections between the pressure holes, 
manifolds, and manometers are made with !/,-in. copper tubing. 

All pressure differences were measured with simple U-tube 
manometers. In the supersonic test the pressures in the test 
pipe were generally small fractions of an atmosphere. They were 
measured with an absolute mercury manometer. With the aid 
of a sliding marker on the manometer scales, pressure differences 
could be read to 0.01 cm. Pressures higher than 50 psig before 
the inlet nozzle were measured with a calibrated Bourdon gage; 
lower pressures were measured with a mercury column. 

The temperature of the air stream in front of the nozzle could 
be measured by either a copper-constantan thermocouple or a 
mercury-in-glass thermometer. Readings were usually made 
with the thermometer. 

The discharge coefficient for the 0.375-in-diam subsonic 
nozzle was determined by means of a gasometer. The discharge 
coefficients for each supersonic nozzle were obtained from the 
A.S.M.E. data on nozzle coefficients (7). 


METHOD oF TESTING 


The air compressor was started and sufficient time allowed to 
elapse to obtain steady-state conditions before any readings were 
taken. Temperature readings were taken at definite intervals of 
time. Pressure differences between a given pair of taps were 
measured on either a mercury manometer or a water manometer, 
depending on the magnitude of the difference to be measured. 
In order to establish a continual check against possible leakage 
from either of the two manifolds, pressure differences were re- 
corded for each pair of taps, with the higher pressure first in one 
manifold and then in the other. To check against possible leak- 
age from the connections between the pressure taps and the 
manifold, a soap-and-water solution was applied at each connec- 
tion. For the supersonic runs, where the pressures measured 
were below atmospheric pressure, the manometer system was 
tested by subjecting it to a pressure higher than atmospheric 
before starting a test. 


Resvutts,or TEsts 


Apparent Friction Coefficient. The results of these tests are 
shown principally in terms of the apparent friction coefficient 4. 
This term is intended to represent for any cross section of the 
stream the quantity 


2r 

pV? 
where 7 denotes the shear stress at the pipe wall, p the mean den- 
sity, and V the mean velocity. In reality the apparent friction 
coefficient is defined in terms of the measured quantities, flow per 
unit area and pressure, through the equations 
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which were derived in reference (5). 
In terms of L/D, k, and M for a perfect gas Equation [2] be- 
comes 


D 


4L \ Qk M;? M,? 


2k 
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Equation [2] is identical with the statement 


[2 + Mi? (k — 
(2 + M.?(k — 


if the velocity across each section is so nearly uniform that the 
mean velocity found from the flux of kinetic energy is identical 
with that found from the flux of momentum, or if the flux of 
momentum and ‘the flux of kinetic energy do not change from 
section to section. 

The flow of an incompressible fluid in a pipe at a great distance 
downstream from the entrance satisfies the latter condition. 
The flow of a compressible fluid satisfies neither condition. It is 
probable, however, that the former is nearly satisfied in com- 
pressible flow at a great distance downstream from the entrance, 
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provided that the longitudinal pressure gradient is not inordi- 
nately large. 

The magnitude of the true friction coefficient (27/pV?) can be 
found only from a determination of the magnitude of the shear 
stress at the pipe wall. If the shear stress is to be measured 
directly, the experimental difficulties are formidable; if it is to be 
deduced from pressure measurements, either the analytical diffi- 
culties or the uncertainties introduced by supposition are likely 
to prove discouraging. 

The apparent friction coefficient, on the other hand, may be 
rather simply deduced from common types of measurement. 
Moreover, when its value is known it may be readily applied to 
the design of passages. 

The adoption of the apparent friction coefficient for reporting 
the results of measurements of the type presented here will 
facilitate comparison between data from different sources. The 
calculation of the apparent friction coefficient involves the 
simplest calculation and the nfinimum extraneous hypothesis 
consistent with reducing the measurements to a basis of compari- 
son. The test of Fréssel (4) and Keenan (5) have been so pre- 
sented. 

In all subsequent paragraphs the term “‘friction coefficient” 
is to be interpreted to mean ‘“‘apparent friction coefficient,” as 
defined by Equation [2]. 

The variation in pressure along the length of the test pipe is 
shown in Fig. 6. For test 1 the pressure in the exhaust space 
after the end of the pipe was below the sound pressure, that is, the 
pressure at the state of maximum entropy; consequently, the 
flow through the pipe was the maximum flow corresponding to 
the initial condition of the air stream. For test 2 the air stream 
was throttled behind the pipe, and for tests 3 and 4 in front of 
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the pipe, to produce pressures at the pipe exit in excess of the 
sound pressure, which resulted in turn in a flow less than the 
maximum flow for the existing initial conditions, 

In Fig. 7 the arithmetic mean of the friction coefficients, 
corresponding to the intervals of pipe length between pressure 
taps for each test, is plotted against the arithmetic mean of the 
Reynolds number. The length interval from 0 to 1 ft was 
omitted from the calculation of the mean because the velocity 
profile was doubtless changing greatly in this interval. The last 
3 inches of length were also omitted because of the effect on 
velocity and pressure distribution of the abrupt discharge into 
the exhaust space. Thus the data in Fig. 7 correspond to a well- 
developed boundary layer, and as stable a velocity profile as the 
conditions of compressible flow permit. 
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The von Karmén-Nikuradse relation between friction coeffi- 
cient and Reynolds number for incompressible flow is shown by 
the curve in Fig. 7. The greatest discrepancy between the pres- 
ent results and this curve is of the order of 3 per cent, which is 
approximately the degree of uncertainty in the present measure- 
ments. 

Figs. 8 and 9 show the variation along the length of the tube 
of friction coefficient, mean temperature, and Mach number for 
tests 1 and 2. The values of friction coefficient for incom- 
pressible flow, corresponding to. the Reynolds number at each 
point along the length of the pipe, are shown by the dash curve in 
Fig. 8. In test 1 the Mach number ranges from 0.32 to 1 and in 
test 2 from 0.3 to 0.47. In both tests, however, the agreement 
between the measured friction coefficients and those for incom- 
pressible flow is consistently good. This agreement confirms 
the conclusion reached by Keenan and by Fréssel that for sub- 
sonic velocities the friction coefficient is a function of the Reyn- 
olds number and is not appreciably affected by change in the 
Mach number. 


SupEeRSsONIC FLow 


Length of Test Pipe. The length of the test pipe for supersonic 
tests is limited by the divergence ratio of the nozzle that feeds the 
pipe. In supersonic flow in a pipe the pressure increases and the 
velocity decreases in the direction of flow. For a sufficiently 
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low pressure in the exhaust space, the length of supersonic flow 
may be increased by lengthening the pipe until the velocity at 
the exit of the pipe has been reduced to the velocity of sound. 
Any further increase in the length of the pipe will decrease the 
length of supersonic flow, because a transverse shock will be 
established upstream from the previous exit section and velocities 
downstream from the shock will be subsonic. The maximum 
length of supersonic flow attained in the present tests is 50 diam. 

The Nozzle. If the junction between the divergent nozzle 
passage and the test pipe is not properly designed, an oblique 
shock wave will form at or near the junction. This wave will 
extend down and across the stream until it encounters the oppo- 
site wall and then will reflect back and forth along the length of 
the pipe. Fig. 10, from the thesis of Huron and Nelson (8), 
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Since in 
crossing the oblique shock the pressure rise in the stream is almost 
discontinuous, measurements of pressure variation along the test 
pipe become difficult to interpret. Moreover, it appears probable 
that the existence of the shock stimulates thickening of the 
boundary layer and so influences strongly the magnitude of 
the friction coefficient. Under extreme conditions the oblique 
shock may initiate separation of the stream from the wall. 

With the aid of the method of Shapiro (9), nozzles were de- 
signed so as to introduce the stream into the test pipe without the 
formation of an oblique shock of sufficient intensity to affect 
the measured pressures. Fig. 11 (from reference 8) shows the flow 


shows such oblique waves in a two-dimensional nozzle. 


Photograph from reference 8.) 
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from a two-dimensional nozzle which is comparable to the test 
nozzles and which was designed by the same method. The first 
photographs taken, by the Schlieren method, of flow through this 
nozzle showed a clear field in both nozzle and tube. In order to 
make visible the pattern of flow and to demonstrate that shock 
waves if present would be discernible, the walls of the nozzle and 
the parallel passage were knurled. Each rib of the knurling set 
up a disturbance of small magnitude which extended across the 
stream in the manner of an oblique shock. Since the presence of 
these small disturbances could be detected, the presence of an 
oblique shock would also be detected. The walls at the junction 
of the nozzle and tube and for a short interval in the passage a 
little distance downstream from the junction were left unknurled 
to permit a shock to be more readily distinguished, but none 
appeared. 

Effect of Angle of Divergence. To determine the effect on the 
apparent friction coefficient of oblique shocks in the test pipe, a 
series of tests were made using entrance nozzles with conical 
divergent sections of different angles of divergence 6. The junc- 
tion of the nozzle and pipe were in each case a sharp corner. 

The variation in pressure along the test pipe for various values 
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of the angle of divergence is shown in Fig. 12. For an angle of 24 
deg the pressure decreases along the first 10 diam of pipe length. 
This decrease appears to be an extension of the expansion from 
the nozzle into the test pipe. It is doubtless caused by separation 
of the stream from the walls of the nozzle. 

For angles of 12 deg or less, the rise in pressure across the corner 
at the junction was measured by means of pressure taps located 
immediately before and after the corner. The measured pressure 
rise is shown in each instance by the interval between the two 
points at zero value of L/D. The ratio of pressures across the 
joint varies from 1.30 for an angle of 12 deg to 1.03 for an angle of 
2 deg. The departure from 1 in the latter figure is hardly in 
excess of the uncertainty in the pressure measurements. For an 
angle of 6 deg, the ratio is 1.16. The analysis of Meyer (10) 
indicates a pressure ratio of 1.22 across the oblique shock arising 
from a change of direction of 3 deg at a Mach number of 2.29. 
This analysis is applicable only to two-dimensional flow which 
the flow near the tube wall should approximate. The experi- 
mental and analytical values appear to be of the same order of 
magnitude. 

It may be seen in Fig. 12 that as the angle of divergence de- 
creases, the pressure rise at the junction decreases, and the curve 
of pressure against distance becomes smoother. With a nozzle 
designed for shock-free conditions the curve becomes smooth and 
the rise in pressure at the junction becomes zero within the pre- 
cision of the pressure measurements. 

Although measurements made under other than shock-free 
conditions are not considered valid, a study was made of the 
effect on the apparent friction factor of nozzles of the ordinary 
type. Such nozzles were used, presumably, by Fréssel who gave 
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The friction coefficient is the mean value of the apparent friction coef- 

cient for the interval of test section from L/D = 1.59 to L/D = 26.98. 

The value of Ac was computed from the von Kaérmdn-Nikuradse relation 
between Reynolds number and friction coefficient.) 


no indication that he had developed a special nozzle for the pur- 
poses of his tests. The friction coefficients, computed from the 
curves in Fig. 12, are plotted in Fig. 13 against the angle of diver- 
gence of the nozzle. These friction coefficients are the mean 
coefficients for the interval of length between values of L/D of 
1.59 and 27——approximately the same as that used by Fréssel. 
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According to the data in Fig. 13 the friction coefficient for a 
given Reynolds number approaches the von Karman-Nikuradse 
value for incompressible flow as the angle of divergence increases. 
Perhaps this is evidence of the increase in thickness of the bound- 
ary layer caused by the oblique shock. The von K4rmén- 
Nikuradse value is obtained from flow at large values of L/D 
where the boundary layer fills the cross section, and turbulence 
is fully developed. In supersonic flow the presence of an 
oblique shock may have an effect on the boundary layer similar 
to the effect of length in incompressible flow. 

Apparent Friction Coefficient. The apparent friction coefficient 
is plotted against distance from the entrance to the test pipe in 
Fig. 14. The two extremities of the horizontal line which passes 
through each test point in Fig. 14 show, respectively, the posi- 
tions at which the two pressures used in calculating the value of 
the friction coefficient were measured. Thus each point repre- 
sents a mean value of the apparent friction coefficient over a short 
interval of length. The pressure difference across this interval 
was in each instance very small, and any irregularity in the pres- 
sure distribution or any error in a pressure measurement had 
therefore an exaggerated effect on the calculated friction co- 
efficient. For this reason the points in Fig. 14 scatter over a 
band of considerable width. Nevertheless, a definite pattern is 
discernible which is common to all five sets of data. Near the 


entrance to the test pipe the coefficient decreases sharply with 
increasing distance along the pipe. At a distance of 5 to 10 
diam the coefficient passes through a minimum. At greater 
distances there is evidence of a maximum followed by another 
minimum, 

The data in Fig. 14 are not sufficiently precise to establish the 
number of maxima and minima or the amplitude of the fluctua- 
tions in the value of the coefficient, but an attempt to approximate 
these is represented by the solid lines in the figure. A somewhat 
similar variation in friction coefficient near the entrance to a pipe 
has been shown for flow of an incompressible fluid by Kirsten (11) 
and by Brooks, Craft, and Montrello (12). It is doubtless a 
phenomenon relating to the transition from laminar to turbulent 
flow in the boundary layer. No exact correspondence between 
pairs of curves in Fig. 14 should be expected because the degree of 
development of the boundary layer at pipe entrance varied from 
test to test with the length and other dimensions of the nozzle. 
The one exception is the pair of curves in the middle of the figure 
which were obtained with the same nozzle and test pipe. 

On each of the charts in Fig. 14 are shown, by dash lines, values 
of the friction coefficients \; and \, calculated from the von 
Karman-Nikuradse relation for incompressible fluids. The co- 
efficients \,; and \, are calculated using, respectively, the Reynolds 
numbers corresponding to the viscosity at the temperature before 
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the inlet nozzle where the velocity is zero and that at the mean 
stream temperature. In view of the “recovery” of temperature 
in the boundary layer, some value intermediate between these 
two would seem to be most appropriate. 

For distances from the entrance greater than 20 diam, the trend 
of the coefficient is definitely upward. The limit of this 
trend appears to be a horizontal line or a curve with ordinates 
approximately equal to or 

The five charts in Fig. 14 may be roughly grouped into those 
of high Reynolds number, the left-hand three, and those of low 
Reynolds number, the right-hand two. The left-hand curves 
show a distinct similarity in pattern and position, whereas the 
right-hand group shows in comparison lower values at the mini- 
mum point and higher values at large values of L/D. 

No analogous trend with Mach number can be discerned. 
Although the top and middle charts in the left-hand group have 
Mach numbers at entrance of 2.06 and 3.09, respectively, they 
differ less than the two middle charts which have Mach numbers 
of 3.09 and 2.84, respectively. Differences appear to depend 
on Reynolds number rather than Mach number. 

To test whether the changes in characteristics were the result 
merely of accidental differences between test pipes and entrance 
nozzles, two tests were run with the same test pipe and nozzle at 
approximately the same Mach number but with different Reyn- 
olds numbers. These are shown by the two middle charts in 
Fig. 14. The differences between these two charts are consistent 
with the differences between any other pair of charts for two 
different Reynolds numbers. 

The conclusion seems tenable, therefore, that for values of L/D 
greater than 50 the apparent coefficient of friction for compressi- 
ble flow at Mach numbers greater or less than 1 is approximately 
equal, for equal Reynolds numbers, to the coefficient of friction 
for incompressible flow. 

For Mach numbers greater than 1, however, values of L/D 
greater than 50 are rarely encountered; and for values less than 
50, the apparent coefficient of friction is generally less than that 
given by the von Kdrman-Nikuradse formula for the same Reyn- 
olds number. Since the present tests do not exceed a Reynolds 
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number of 8.7 X 105, this last conclusion is open to question if 
the Reynolds number exceeds 1,000,000. 

Because of a slight irregularity at the junction of the nozzle and 
the test pipe, the data of test 12 at small values of z2/D were con- 
sidered to be less reliable than those of the other tests. The data 
of test 12 are, nevertheless, in substantial accord with those of 
the other tests. If they were shown in Fig. 15 they would not 
alter in any way the conclusions drawn below. The figure is 
somewhat simplified by omitting them. 

Mean Apparent Friction Coefficient. In Fig. 15 the mean 
apparent friction coefficient between the entrance to the test pipe 
and any value of L/D is plotted against that value of L/D. This 
method of plotting has two advantages: (a) This mean friction 
coefficient is more readily applied to design calculations than the 
more nearly point values in Fig. 14; (b) Since it is computed in 
general from a larger measured pressure difference, the values of 
the ordinate in Fig. 15 are less affected by small experimental 
errors and irregularities and therefore yield a smoother curve. 

The curves in Fig. 15 consistently with those in Fig. 14 show 
certain trends with increasing Reynolds number: The point of 
minimum mean friction coefficient moves to lower values of L/D, 
and the rate of increase of friction coefficient with L/D at 
the higher values of L/D decreases. On each curve is given the 
Reynolds number corresponding to the viscosity at zero velocity 
(the “complete-recovery” value), and at the right-hand margin is 
shown the corresponding value of the coefficient of friction for an 
incompressible fluid at large values of L/D. 

The experimental curves are extrapolated in Fig. 15 as they 
would go if the values for incompressible flow were the asymp- 
totes. The extrapolations cannot, however, extend to the 
asymptotes. It can be shown from Equation [3] that for a fixed 
value of the Mach number at entrance, there is a correspond- 


ing maximum value of A D which will occur when M, = 1. 


That maximum value represents an equilateral hyperbola cutting 
across Fig. 15. Segments of such hyperbolas are shown for en- 
trance Mach numbers of 1.5, 2, 3, 4, and infinity. For an 
entrance Mach number of 1 the corresponding hyperbola is 
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formed by the two axes of co-ordinates, and the maximum value 
of L/D is zero for any finite value of X. 

At the lower values of L/D some variation from the curves in 
Fig. 15 may be expected if the nozzle design is not identical with 
the corresponding one employed here. Large departures from 
these values will result, as indicated in Fig. 13, if oblique shocks 
are formed at the junction of nozzle and test pipe. But with a 
carefully designed nozzle and a smooth test pipe the mean 
apparent friction coefficient should be in close accord with the 
curves in Fig. 15. 


COMPARISONS 


In subsonic flow two previous experimental investigations by 
Keenan (5) and Fréssel (4) indicated that for large values of L/D 
the apparent friction coefficient is essentially independent of 
Mach number and is, within experimental error, the same func- 
tion of Reynolds number as the friction coefficient for incom- 
pressible fluids. The present investigation, as shown in Fig. 7, 
confirms these conclusions. 

In supersonic flow the only previous experimental investiga- 
tion is that of Fréssel (4). His conclusion is the same as for sub- 
sonic flow, namely, that the apparent friction coefficient at the 
attainable values of L/D is the same function of Reynolds number 
as the friction coefficient for incompressible fluids at large values 
of L/D. The present investigation does not confirm this conclu- 
sion. It indicates that the apparent friction coefficient is a func- 
tion of L/D as well as Reynolds number over the attainable 
range of L/D, and that the effect of Mach number is to limit 
the range of values of L/D, 

Fréssel concludes that his measured friction coefficients are 
represented within the precision of measurement by the von 
Karmdn-Nikuradse relation. Thus the comparisons of this rela- 
tion with the present data, as given in Figs. 14 and 15, are in 
effect comparisons of Fréssel’s data with the present data. It 
should be remembered, however, that Fréssel’s data for super- 
sonic velocities spread over a band with a width of about 20 per 
cent, and that the method of computing them seems to leave 
much room for uncertainty. 

Fréssel offers no discussion of the development of nozzles suita- 
ble to his purpose, and the only published illustrations of his 
nozzles are to such a small seale that little dependable information 
can be obtained from them. These illustrations, however, are 
not inconsistent with the assumption that his nozzles were of the 
conical type with an angle of divergence in the order of 15 deg. 
The data in Fig. 13 indicate that for angles of this magnitude 
Fréssel’s conclusions have been confirmed. For supersonic flow 
without oblique shocks, however, the conclusions of Fréssel have 
not been confirmed. 

For subsonic conditions the minimum exit pressure for a given 
length of pipe is obtained by lowering the pressure in the exhaust 
space until the pressure in the exit plane ceases to fall. Then the 
entrance Mach number corresponding to the exit-plane pressure 
may be determined by measurements at the inlet. In Fig. 6 the 
measured pressure from the tap nearest the exit-plane is com- 
pared with the calculated minimum pressure (the pressure of 
maximum entropy). The measured pressure falls slightly below 
the calculated minimum. This is in accord with similar observa- 
tions made by Frdéssel. 

In supersonic flow an experimental determination of the maxi- 
mum pressure is more difficult. The divergence ratio of the 
nozzle fixes the Mach number at entrance. The maximum pres- 
sure will be attained at the exit only if the pipe attached to the 
nozzle is the longest pipe which will not cause a transverse pres- 
sure shock. The maximum pressure cannot be attained, there- 
fore, although it may be approximated closely by a tedious 
method of trial and error. Where it has been nearly attained in 


these tests it has always been slightly less than the calculated 
maximum. 
CONCLUSIONS 

For values of L/D greater than 50 the apparent coefficient of 
friction for compressible flow at Mach numbers greater or less 
than 1 is approximately equal, for equal Reynolds numbers, to 
the coefficient of friction for incompressible flow with completely 
developed boundary layer. 

For Mach numbers greater than 1, however, values of L/D 
greater than 50 are rarely encountered. For values of L/D less 
than 50, the coefficient of friction is a function of L/D and 
Reynolds number. It is generally less than that given by the 
von Karmdn-Nikuradse formula if the Reynolds number is less 
than 10%. The effect of Mach number is to limit the range of 
values of L/D. 

For Mach numbers greater than 1, the mean apparent coeffi- 
cient of friction decreases rapidly from a relatively high value 
at entrance to a minimum value which it attains within a distance 
of 20 diam from the entrance. Beyond this minimum point the 
mean coefficient rises with increasing distance along the tube and 
appears to approach as a limit the value given by the von Kar- 
md&n-Nikuradse formula. The point values of the apparent 
coefficient appear to attain the formula value at a distance of 
approximately 50 diam from the tube entrance; the mean values 
of the coefficient would attain the limit at perhaps twice this 
distance from the entrance. 

The variation in coefficient of friction with L/D for supersonic 
flow is similar to that observed in the flow of incompressible 
fluids. An adequate comparison cannot be made, however, until 
more extensive information is available as to the effect of L/D in 
the flow of incompressible fluids. 

The minimum observed pressure in subsonic pipe flow and the 
maximum observed pressure in supersonic pipe flow are each 
slightly less than the value calculated on the basis of the assump- 
tion that the velocity is uniform across any section. 

The apparent coefficient of friction is strongly influenced by the 
presence of oblique shock waves in the tube. 

The junction of the tube with an ordinary conical nozzle causes 
oblique shock waves, the amplitude of which increases with in- 
creasing angle of the cone. The apparent coefficient of friction 
also increases with increasing angle of the nozzle cone, and ap- 
pears to attain approximately the von Kd4rmdn-Nikuradse value 
when the angle of the cone is 15 deg or more. 
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A Study of Flow of Plastics Through Pipes 


By R. C. BINDER! AND J. E. BUSHER? 


The pipe friction coefficient for true fluids is usually 
expressed as a function of Reynolds number. This 
method of organizing data has been extended to tests on 
the flow of different suspensions which behaved as ideal 
plastics in the laminar-flow range and as true fluids in the 
turbulent-flow range. In the laminar-flow range, Reyn- 
olds number below about 2100, the denominator in 
Reynolds number is taken as the apparent viscosity. The 
apparent viscosity can be determined from the yield value 
and the coefficient of rigidity. In the turbulent-flow 
range, the denominator in Reynolds number is an equiva- 
lent or turbulent viscosity equal to the dynamic viscosity 
of a true fluid having the same friction coefficient, velocity, 
diameter, and density as that of the plastic. The various 
experimental data on plastics correlate well with this ex- 
tension of the method for true fluids. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
D = internal diameter of pipe 
Sf = pipe frietion factor 
g = gravitational acceleration 
h = head loss, unit length of flowing substance 
L = length of pipe 
S = shear stress, force per unit area 
So = yield value or stress of an ideal plastic, force per unit 
area 
V = average velocity of flowing substance 
AP = drop in pressure in the length L 
p = density, mass per unit volume, as slugs per cubic foot 
n = coefficient of rigidity 


u = dynamic viscosity 
“, = apparent viscosity of an ideal plastic 
up = turbulent viscosity of an ideal plastic 


INTRODUCTION 


Much experimental data are available on the steady flow of 
various fluids, as oil, water, and air, through circular pipes. 
From the point of view of flow characteristics, such fluids may be 
classified as true or homogeneous fluids. The pipe-flow data for 
true fluids has been well organized and established in forms con- 
venient for general use. On the other hand, there is a definite 
lack of organized data on the flow of heterogeneous fluids, suspen- 
sions, and plastics through pipes. Different investigators have 
provided some data on the flow of suspensions through pipes; 
these suspensions had plastic properties. This paper presents an 
organization and correlation of the test data of these various in- 
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vestigators and expresses the results in a form which extends the 
latest organization established for true fluids. 

In practice can be found many examples of heterogeneous 
fluids, in which fine particles, as sand, dust, clay, paper pulp, 
industrial solids, or sewage sludge, are suspended in water. The 
problem of the flow of a suspension or plastic is much more com- 
plicated than that of a true fluid. Among the problems involved 
in the transportation of suspensions is that of predicting friction 
losses, and that of providing suitable pumps and motors for mov- 
ing the material. The pipe friction loss of a suspension may be 
considerably higher than that of the fluid carrier alone at the 
same velocity. 
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Stress - Rate or STRAIN RELATIONS FOR DIFFERENT Sus- 
STANCES 
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Fig. 1 shows diagrammatically the relation between shear 
stress and rate of shearing strain for different substances. Curve 
III, for a true fluid, shows a linear relation passing through the 
origin. The slope of curve III, the absolute or dynamic viscosity, 
is constant. The dynamic viscosity of a true fluid is uniquely 
determined by the temperature and pressure. It is not generally 
appreciated that this fact represents a great simplification of 
many flow problems. 

Curve I, for what will be called an “‘ideal plastic,” indicates a 
relative motion between layers, or deformation, only at a shear 
stress exceeding a certain minimum, the yield value. The curve 
AB is linear. The ratio of shear stress to rate of shearing strain 
or the “apparent viscosity” for a plastic is not constant. The 
dotted lines CO and DO have different slopes at different veloci- 
ties; the same substance at different velocities has different 
apparent viscosities. This variation accounts for one of the main 
complications found in the flow of plastics. 

Consider the flow between two parallel plates a distance z 
apart. Let S represent the shear stress on each plate, So the yield 
value of the plastic, and v the velocity of one plate with respect to 
the other. The coefficient of rigidity n is defined as the ratio 


An ideal plastic can be specified by the yield value and the co- 
efficient of rigidity. The coefficient of rigidity has the same 
dimensions as dynamic viscosity. 

Curves II and IV in Fig. 1 indicate other possible relations be- 
tween shear stress and rate of shear. Curve II might be termed a 
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‘‘nseudoplastic,”” and curve IV might be called an “inverted 
plastic.” 


LAMINAR FLow oF AN IDEAL PLastIc 
The well-known Hagen-Poiseuille law for the laminar flow of a 
true fluid in a pipe can be expressed in the form 
APD 8V 
4L D 
where AP represents the pressure loss in the length L, V the 
average velocity, D the internal pipe diameter, and u the absolute 


or dynamic viscosity of the fluid. It is common practice to ex- 
press the head loss A in the form 


where the dimensionless friction factor f is a function of the di- 
mensionless Reynolds number N = pVD/u. For the laminar 
flow of a true fluid, the friction factor is given by the simple rela- 
tion 


Consider next the laminar flow of an ideal plastic through a 
circular pipe. Imagine a central cylindrical mass of length L and 
radius y. The velocity at radius y is u. For steady motion 
there are two resultant forces, a pressure force, and a shear force. 
The pressure force is APry*. The shear stress S at y is 


The first term in Equation [5] is negative because the velocity de- 
creases as the radius increases. The shear force equals the stress 
S times the area 2xryL. For equilibrium, a balance of forces gives 


d 
APry? = 2ryL E — s,| 
dy 


Equation [6] is the basic differential equation for the flow of an 
ideal plastic. The velocity gradient is zero in a central region in 
which the shear stress is equal to or less than the yield value; 
that is, there is a central core which moves as a solid plug. After 
integrating Equation [6] and evaluating the constants from the 
boundary conditions, the final result can be arranged in the form 


APD 4 

A complete discussion of the intermediate steps in deriving 
Equation [7] can be found in Bingham’s book (1),? or in a paper 
by Babbitt and Caldwell (5). A comparison of Equations [2] 
and [7] is of interest. If the yield value So were zero, then Equa- 
tion [7] would reduce to Equation [2], and the coefficient of 
rigidity would approach the dynamic viscosity. Equation [7] 
can be written as 


APD _ 8V 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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where 


DSo 


The factor yu, is an apparent viscosity. Equation [8] is similar in 
form to the Hagen-Poiseuille law. Thus the friction factor for 
the laminar flow of an ideal plastic can be expressed as 

N 

if the Reynolds number for the plastic is expressed with the appar- 
ent viscosity. Thus for the laminar flow of an ideal plastic, N = 
epVD/n,. 

The next step is to consider the availablé experimental data, 
and their agreement with the analytical relations. Busher (2) 
made some measurements on the flow of suspensions through cop- 
per pipe at various temperatures, velocities, and concentrations. 
The flowing substance was a heated mixture of grain suspended 
in water. Fig. 2 shows the head loss as a function of velocity. 
Note that the head loss for the suspension in some cases is much 
higher than that for water at the same velocity. 
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Fic. 2. Friction Loss ror GRAIN SUSPENSIONS IN 3-IN. COPPER 


Pipe 


An inspection of Equation [7] shows that if the factor APD/4L 
is plotted as a function of 8V/D, then for an ideal plastic the 
vertical intercept is 4S 9/3, and the slope of the curve is the co- 
efficient of rigidity. Busher’s data are plotted with these par- 
ticular co-ordinates in Fig. 3. Many of the experimental points 
fall on straight lines. In some cases at the high velocities the 
curve deviates from the straight line as turbulent flow is reached. 
On the other hand, at velocities lower than those measured, the 
curves may deviate like a pseudoplastic. But in the laminar- 
flow range covered by the experimental points, the grain suspen- 
sions behaved much as an ideal plastic. 

For each temperature, the yield point and the coefficient of 
rigidity, as determined from Fig. 3, were used to calculate the 
apparent viscosity and the Reynolds number. Fig. 4 shows the 
unified correlation of the data at the different temperatures. 
There is very close agreement between the experimental points 
and the line f = 64/N in the laminar-flow region through a Reyn- 
olds number of 2130. 

Gregory (3) made some tests on the flow of clay slurry through a 
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Tests were made at different velocities, at differ- 


- ent concentrations, and with #/,-in. brass, 
brass, and 3-in. wrought-steel pipe. The results are 
shown in Fig. 6. For laminar flow there is close 
agreement between the experimental results and the 

simple analytical relation for an ideal plastic. Lami- 
eee! ee ee | nar flow was realized with a Reynolds number as 
high as 2150. 


a Babbitt and Caldwell (5) made a series of tests 
9 ‘ 
% on the flow of sewage sludge in 1-in., 2-in., and 
™ | 3-in. pipes. The results for laminar flow are shown 
ris | aera in Fig. 7, with the highest Reynolds number at 1850. 
N | | There is close agreement between the experimental 
| results and the simple analytical relation for an ideal 
plastic. 
| Most lubricating oils at ordinary pressures and 
| | | 
a | | | temperatures act as true fluids. At high pressures, 
- however, some oils exhibit plastic properties. Fig. 
8 shows the results of two tests on sperm oil through 
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at an average pressure of 31,500 psi, and the other at 35,000 psi. 
At these high pressures the test results fell close to the curve for 
an ideal plastic. The friction factors are rather high and the 
Reynolds numbers are rather low. 

It is somewhat generally established that the flow of a true 
fluid is laminar if the Reynolds number is under about 2100. 
Laminar flow may exist at higher Reynolds numbers, but the 
flow may be unstable. The data of different investigators indi- 
cate that it seems safe to formulate a similar rule for an ideal 
plastic. The flow of an ideal plastic is laminar if the Reynolds 
number, based on the apparent viscosity, is under about 2100. 


DETERMINATION OF APPARENT VISCOSITY 


The foregoing study of the pertinent data of different in- 
vestigators yields a simple correlation. There is a practical im- 
portant question as to the determination of the apparent viscosity 
or the yield value and the coefficient of rigidity. Babbitt and 
Caldwell (5) conclude that the yield value and the coefficient of 
rigidity each is independent of the size and roughness of the pipe. 
If this conclusion is accepted as satisfactory, then a test with a 
model pipe could be used to determine the yield value and the 
coefficient of rigidity for a particular plastic, and predictions could 
be made for the flow of the same plastic through a prototype pipe. 
This procedure appears to be good technique, in the same way 
that the use of a capillary-tube viscometer is considered good 
technique in measuring the dynamic viscosity of a true fluid. 
There is some scatter in the data of Babbitt and Caldwell; the 
yield value from a test on one pipe size may differ from the yield 
value from a test on another pipe size by as much as 20 per cent. 
About the same scatter is found in the data on cement-rock sus- 
pensions. This scatter may not be too unreasonable if it is noted 
that the pipe flow data for true fluids may scatter 5 to 10 per cent 
above and below mean values. 


TURBULENT FLow 


A plastic may behave as a true fluid when the flow is turbulent. 
Fig. 2 shows some features which are typical of the results of 
different investigators, The two lines marked ‘water’ are re- 
sults obtained from actual tests with water in the pipe; the points 
shown are for turbulent flow. Consider a test of a suspension at a 
certain temperature. As the velocity increases, the curve 
changes in slope and approaches a straight line practically parallel 
to the water curves. These features suggest the possibility of 
correlating the data on suspensions in a manner similar to that 
used for water or any other true fluid. 

For the turbulent flow of true fluids the friction factor is com- 
monly expressed as a function of Reynolds number at constant 
roughness values. The main problem for plastic flow is the 
formulation of a suitable factor to replace the dynamic viscosity 
in the Reynolds number. Different trials showed that the use of 
an “equivalent” or “turbulent” viscosity provided a suitable 
method for organizing results. From one test of a grain suspen- 
sion is determined a value of the friction factor. This friction 
factor for the suspension corresponds to a certain Reynolds num- 
ber for a true fluid flowing through a pipe of the same roughness. 
For this Reynolds number, and a given density, velocity, and 
diameter for the suspension, there is thus determined an equiva- 
lent or “turbulent” viscosity yz for the suspension. The availa- 
ble data show that the turbulent viscosity is practically constant 
for all rates of shear; it is analogous to a dynamic viscosity. 

A complete discussion of Fig. 4 can now be given. In the 
laminar-flow range only, Reynolds numbers below about 2100, 
the denominator in the Reynolds number is the apparent vis- 
cosity ug and can be determined from the yield value and the co- 
efficient of rigidity. Curve A represents the tests with water 
flowing through the pipe; the denominator in Reynolds number 
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is the dynamic viscosity » of the true fluid. The experimental 
points in the turbulent range are for the suspension; the de- 
nominator in the Reynolds number is the turbulent viscosity 7. 
The experimental points in the turbulent range follow closely 
the curve for a true fluid. 

A similar discussion applies to the results on cement-rock sus- 
pensions shown in Fig. 6. In the laminar-flow range only, the 
denominator in the Reynolds number is the apparent viscosity y,. 
Curve A is adapted from the data of Stanton and Pannell (7) for 
smooth drawn pipe; the denominator in the Reynolds number is 
the dynamic viscosity 4. The experimental points in the turbu- 
lent range match fairly well with curve A; the denominator in the 
Reynolds number for the experimental points is the turbulent 
viscosity pr. 

Babbitt and Caldwell (8) made a large series of tests on the 
turbulent flow of sludges. A number of different clay suspen- 
sions and sewage sludge were used, together with different pipe 
sizes, '/2 in., 1 in., 2 in., and 3in. They found that the water 
suspensions behaved as true fluids in the turbulent range. They 
concluded that the data correlated well if the denominator in the 
Reynolds number was taken as the dynamic viscosity of the dis- 
persion medium of the sludge. 

In the experiments of Babbitt and Caldwell, apparently the 
turbulent viscosity did not differ from the dynamic viscosity of 
the dispersion medium. In other cases, however, there may be a 


considerable difference between the two viscosities. Fig. 9 
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shows a plot of turbulent viscosity of the grain suspension and the 
dynamic viscosity of the dispersion medium water each as a 
function of temperature. The difference between the two vis- 
cosities is large at the low temperatures and decreases as the 
temperature is increased. The* crosses in Fig. 9 are for the 
different cement-rock suspensions. The turbulent viscosity in 
each case was greater than the dynamic viscosity of water at the 
same temperature. 


FLow oF PsEuDOPLASTICS AND INVERTED PLastics 


The foregoing discussion deals with ideal plastics. It would be 
desirable to have a similar simple organization of data for plas- 
tics other than ideal. At the present time there are not sufficient 
complete published data to draw any reliable general conclusions. 
For one thing, if the substance is not a true fluid or an ideal plas- 
tic, the stress vs. rate-of-strain relation may become very compli- 
cated. 

One set of test data, however, shows an interesting special case. 
Wilhelm, Wroughton, and Loeffel made some tests on filter-cel 
suspensions (4). The results of one test of this suspension in a 
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1'/;-in. pipe are given in Fig. 10, using the same co-ordinates as 
in Fig. 3. Fig. 10 shows that the apparent viscosity increases 
with rate of shear. The relation in a large range of velocities 
closely approximates a parabola. If the relation is parabolic, 
then the equation for pressure drop can be written as 
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where C is a constant. For a given suspension, pipe diameter, 
and length, the pressure drop is solely a function of the square of 
the velocity. In other words, the friction factor f is constant. 


The test data show an almost constant friction factor over a wide 
variation of velocity. A constant friction factor means a con- 
stant Keynolds number. 


For a given diameter and density, a 
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constant Reynolds number means a constant ratio between the 
velocity V and the apparent viscosity y,. 


CONCLUSION 


A number of different. investigators have provided data on the 
flow of suspensions. Different substances were tested, different 
pipe sizes were used, and different ranges of flow were covered. 
These substances behaved as ideal plastics in the laminar-flow 
range and as true fluids in the turbulent-flow range. These test 
data have been organized in «a form which extends the conven- 
tional plot of friction factor versus Reynolds number for true 
fluids. In the laminar-flow range, Reynolds numbers below 
about 2100, the denominator in Reynolds number is taken as the 
apparent viscosity of the plastic. This apparent viscosity can be 
determined from the yield value and coefficient of rigidity. In 
the turbulent-flow range, the denominator in the Reynolds 
number is taken as an equivalent or “turbulent” viscosity. This 
turbulent viscosity is the viscosity a true fluid would have for the 
same friction factor as the plastic. The turbulent viscosity of a 
suspension may be much higher than the dynamic viscosity of the 
dispersion medium of the suspension. 
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Action of Forces and Moments Symmetri- 
cally Distributed Along a Generatrix of a 


Thin Cylindrical Shell 


By F. K. G. ODQVIST,! STOCKHOLM, SWEDEN 


Applications of the present subject theory have been 
made to monolithic structures by certain Scandinavian 
engineers who have treated the subject and related prob- 
lems in a series of papers. The author has confined his 
studies to more slender structures, such as welded and 
riveted plate containers, ship hulls, and similar applica- 
tions, to which a simplified form of the theory may be 
applied. For an isotropic shell with no stiffeners, explicit 
formulas are developed in important cases, where the 
external load is applied to a cylindrical shell, distributed 
along a generatrix. 


HE present subject and related problems have been 
| go in a series of papers by Scandinavian engineers 

(1-5).2 Having in mind applications to monolithic con- 
crete structures, reinforced by stiffeners, for roofs, container 
walls, and the like, some of these writers have taken the more 
complete equations of cylindrical shells as a point of departure 
for their investigations. For the application to more slender 


structures such as welded and riveted plate containers, steam 
boilers, ship hulls, or even monocoque structures, the author (3) 
has confined his work to the simplified form of the theory, laid 
down by H. Schorer (6). 


Thus for an isotropic shell with no 


stiffeners, it has been possible to develop explicit formulas in a 
series of important cases, where the external load is applied to a 
cylindrical shell, distributed along a generatrix, Figs. 1 to 3, 
inclusive. 

The treatment has therefore been confined to forces and 
moments, symmetrically distributed and constant along the 
part 2al around the middle of a generatrix of a cylinder of length 
l with its ends linked to stiff circular plates. With the notations 
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--- 


Fig. 4 


in Fig. 4, Schorer’s theory may be presented in the following 
form: 


cil 
h? 


M, = (Cin sin m2 + Con cos mz 
n 
ne (Din sin + Deon cos | cos nrz/l . [2] 


where Cin. . . Den are constants to be determined*by the conditions 
at the loaded generatrix. The thickness of the shell is h; z is 
counted positive from the middle of the generatrix. With the 
notation (8 = Poisson ratio) 


m = (12(1 — 82)]'/* (r/h)'/* (wr 2.39(r/h)'/* . [3] 
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we have 


m, = m cos r/8 


= 0.92388 m \ 


m:, = m sin 7/8 = 0.38268 m 


The sums are to be extended over all positive odd integers n. 

Essential for the validity of the theory is that m shall be 
comparatively large, say, greater than 5. With Mg¢ being known, 
the following quantities may be obtained by recurrence, using 
new series of constants 


derived successively by means of the formulas 

Cin) = n[—mC — mC ] 

Din) = — 

where Cin... Don are the same as Cin... Don. To obtain a 


quantity of the left column in expressions [5] to [12], one has to 
introduce the corresponding set of constants in Equation [2], 
but for the quantities Nz, and u, where sin nrz/l is to be sub- 
stituted for cos nrz/l. 

The external loads per unit of length of the generatrix should be 
developed in Fourier’s series, that is, according to Figs. 1 to 3. 


p(x) Pn Pn 4 Pp 
t(z) = 2. ta cos nrz/l, t, = — sin nra <t 
M (z) n Mn M, M 

. [14] 


The conditions at the loaded generatrix are for g = 0: 


(a) the case of Fig. 1 


2T, = p(z), New = 0, v = 0, — =0....... [15] 
(b) the case of Fig. 2 
2N, = t(z), Mp = 0, u=0, w =0........ (16] 


(c) the case of Fig. 3 


2M, = M(z), Np =0,u= 0 w =0........[17] 
Using the foregoing expressions, we obtain 
(a) Cin = —(/2 — 1) Cn = (2 —1)Din = | 
prv2—~/2. 
sin nra 
QrmnvV/n 
.. [18] 
tr 
(b) Cin Can Din = Don Sin 
M 
(c) Cin = Din = 0, Cen = Don = — sin ane 
J 
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Equations [18] together with [5] to [13] contain the solution 
of our three problems. For the deflections w(z, 0) and v(z, 0) 


in radial and circumferential direction, respectively, we get, 
along the loaded generatrix, the following 
Case (a) 
w(z,0) = — 
sin nra cos nrz/l 
[19] 
n 
Case (b) 
v(z, 0) = 
sin nre cos nrz,l 
[20] 
rig V B 
> sin COS Nat l 
[21] 
n 
Case (c) 
bw [12(1 — M 
— (z,0) = = 
rig al? V/2— AE 
i s l 
= [22] 


nvin 


Equations [19] to [22] may be combined to solve statically 
indeterminate problems in connection with the supports of 
cylindrical containers such as marine steam boilers. 

To investigate the action of a single concentrated radial force 
P in the middle of a generatrix, we may put 2alp = P and let @ 
tend to zero. The passage to the limit may be carried out in 
Equation [19], term by term. The result is 


lim sin nra > 1 


In such case we get for the deflection 


V2— +/2[12(1 — 6%) 
V 


In this case the quantity Ny will become infinite at the origin. 
The effect of a concentrated transverse force T = 2alt may be 
similarly investigated. 

In case (c) the sum in Equations [22], though convergent, does 
not permit of a passage to the limit a = 0, in which case it be- 
comes divergent. Moreover some of the series corresponding 
to expressions [5] to [12] will show extremely slow convergence 
in all cases (a) to (c), a thing already noticed by Aas-Jakobsen 
in attacking the equations of the general theory, where in some 
cases he has been compelled to use up to 49 terms of his expan- 
sions in order to obtain acceptable numerical results. As a 
means of improving the convergence of such series, the author 
suggests using Kummers’ transformation, which in this case 
may be utilized in the following form, valid for @ less than !/3 


> sin 


Ta nnvn 


= — 1.689 


w(0, 0) . [23] 


Va/2 — ra/2 + Cn SIN 
n 
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where 
8n = 1/+/n — 2S(nw/2)/+/n — 2 sin [25] 


and S(z), C(z) are Fresnel’s integrals of the argument z = nx/2, 
tabulated for instance in (7). The sums to the right in Equa- 
tion [24] converge much more rapidly than those to the left and 
may be used for the calculation of the stresses in the neighbor- 
hood of the points of application of the load. 

Experiments in support of the foregoing theory have been 
carried out with a carefully produced steel cylinder at the Royal 
Technical Institute, Stockholm. Equation [23] was found to 
fit experimental data for a cylinder with m = 5.09 within ex- 
perimental errors, which were of the order of 1 per cent. The 
order of magnitude of the stresses also fitted the corresponding 
formulas. 

The theory permits of generalization, e.g., to the case of 
longitudinal stiffeners (3). In the case of transverse stiffeners 
it is generally more convenient to use a simple approximate 
theory, considering the stiffener as a curved beam supported 
on the shell as an elastic foundation with a spring constant deter- 
mined from conditions of axial symmetry. Also this simple 
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theory has been confirmed by experiments. A somewhat more 
elaborate theory taking account of the general theory of cylin- 
drical shells (nonsymmetrically loaded) has been worked out 
by Lundgren (4), and Aas-Jakobsen (5). 
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Equivalent Circuits for the Numerical 
Solution of the Critical Speeds 
of Flexible Shafts 


By GABRIEL KRON,'! SCHENECTADY, N. Y. 


A special type of equivalent circuit is developed that is 
particularly suited for the numerical calculation of the 
critical speeds of uniformly rotating shafts. The shaft 
may consist of several spans rotating in flexible bearings 
supported by a flexible foundation. Either the various 
spans may be asymmetrical along two principal axes or 
the bearings may have asymmetrical flexibilities. The 
same circuits are, of course, valid also for the study of the 
natural frequency of vibration of a skewed asymmetrical 
beam held by flexible supports at several points, such as a 
turbine bucket. The circuits may be solved by slide rule, 
by punch-card methods, or by a ‘“‘network analyzer.” 
The procedure is self-checking as the correctness of the 
numbers may be checked at any stage of the calculations. 
For the symmetrical case, the results are identical with 
those found by the method of Prohl (1)? or Myklestad (2), 
even though the circuit method requires fewer calcula- 
tions. In general, the equivalent circuits for the various 
spans, bearings, overhung loads, and foundations are 
independent and are interchangeable for different com- 
binations of shaft structure. Also, any variation in a 
component part leaves the circuits of the other parts un- 
changed. A punch-card study of a turbine generator 
shaft with fixed bearings carrying a high-pressure turbine, 
a low-pressure turbine, and a generator is given in a com- 
panion paper by A. W. Rankin (3). 


INTRODUCTION 


URING the last few years many papers have appeared, 
both in this country and abroad, calling renewed atten- 
tion to the analogy existing between simple mechanical 

structures and electrical circuits, a relation well known but little 
used for over a century. In this analogy, mass and inductance, 
spring and capacitance, play identical roles; similarly current 
takes the place of force, and voltage that of displacement. (The 
dual analogy, with an interchange of mass and spring, force and 
displacement, is also frequently employed.) Apparently both 
electrical and mechanical engineers find this interplay of concepts 
useful and of benefit in their respective fields. The arrival of 
the a-c network analyzer, on which the electrical circuits may 
be quickly solved, accelerated the diffusion of these parallel ideas. 

In all such studies each component unit of the mechanical 
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system has one degree of freedom. For instance, each mass 
and spring have a linear displacement in the z direction only, or 
each mass and spring rotate around the z-axis only. However, 
for the greatest number of cases, each mechanical unit has two 
or more degrees of freedom and, in the most general case, it has 
six; in particular, three translations along the z-, y-, z-axes and 
three rotations around them. 

Electrical analogs of planar and spatial elastic structures 
built up from units with two to six degrees of freedom are de- 
veloped in references (4, 6), and network-analyzer results are 
shown in references (5, 7). In problems of the critical speeds 
of large flexible shafts, such as those of turbogenerator sets, it 
has been found that no presently available network analyzer is 
equipped with units sufficiently flexible to cover the very large 
range of values required by the shaft constants. Hence the need 
arose to solve the electrical networks numerically either by hand 
or by punch-card machines. 

During the calculations it was discovered that the electrical 
network could be transformed into a new form that required far 
fewer numerical steps. These transformations are intimately 
connected with the properties of electrical networks, and ap- 
parently no mechanical analog of them exists. These new 
equations and networks are developed in Appendix 1 while the 
body of the paper limits itself to the description and development 
of a routine procedure of calculation. 

It is felt that the use of the electrical network has facilitated 
the introduction of the following features: 


1 The number of additions and multiplications required for 
the calculation of a single beam section is less than the number 
of operations used in similar problems employing purely mechani- 
cal concepts (references 1 and 2). 

2 The electric circuit has enabled the development of a 
method of check that can be used at any particular stage during 
the calculation. It is believed that one not already acquainted 
with general circuit parameters in a matrix form, concepts known 
to (some) electrical engineers, would have had difficulty in 
discovering these formulas. 

3 The fact that each degree of freedom has an identical 
electrical network (see Fig. 3) greatly reduces the number of 
operations necessary to route the punched cards through the 
machines, 


Because of the employment of an electrical network in pref- 
erence to a mechanical network or to a set of algebraic equations, 
certain simplifications have become almost obvious. For in- 
stance, in Appendix 1 of this paper a complicated set of beam 
equations is reduced to a simplified set by first establishing an 
equivalent circuit for the former, simplifying the electrical net- 
work, then writing the resultant simple equations by an inspec- 
tion of the network. The same procedure is performed by alge- 
braic manipulations in Appendix 1 of the companion paper by 
Rankin. There seems to be no mechanical analog of the 
procedure, and the algebraic manipulations must follow willy- 
nilly the electric-circuit manipulations. 
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SYMMETRICAL SHAFT AND BEARING 


EQUIVALENT CIRCUIT OF A SECTION 


The equivalent circuit of a constant-diameter section of a 
symmetrical rotating shaft—to be used in numerical calcula- 
tions—is given in Fig. 1. The voltages D to ground at both ends 


Y = 
T m 
Fy! 2) Fy2 


} = 


zy FT 


I 


Fic. 1 EQuivaLent Circuit or A SECTION 


of the section represent: 


1 Linear displacement along y. 

2 Angular displacement along r. 
The currents F at both ends represent: 

1 Shear along y. 

2 Moment along r. 


The values of the constants taken from reference (4) are 
given in Table 1. The Z’s represent impedances, the Y’s ad- 
mittances. The transformation ratio n in Fig. 1 may be se- 
lected for any convenient scale. The mass of the section is 
divided into two equal parts placed at the two ends of the section. 
The moment of inertia and gyroscopic force of the section are 
only cursorily treated. Their consideration only changes the 
value of the ground capacitors as shown in Figs, 14-16, inclusive. 


TABLE 1 CALCULATIONS OF CONSTANTS 


Section inertia, in.¢ = 
Section length, in. = L 
Section weight, lb = W 
N = number of 1000 rpm 
B = EI 
A 386.4. wo = 60 = 10,965 


The admittances are 


12B | 6B | 2B 
y= od Y,, = (Mot) N2 


The circuit constants are 
2 | 
= 
| Ys 


Y, 
where ¢ and j indicate adjacent sections 


EQUIVALENT CIRCUIT OF A SPAN 


When several sections form a span between two bearings, the 
resultant circuit is shown in Fig. 2. It should be noted: 

1 That the mutual inductance of every other section is re- 
versed. (This is shown in Appendix 1.) 

2 That the two admittances in parallel existing at the inter- 
connections may be combined into one, giving the final circuit 
in Fig. 3. 

When several spans exist, the alteration in the signs of Z,, 
should be continued without interruption so that some spans may 
start with a negative Z,,. (The alternation in the sign of Z,, 
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is not due to any assumed sign convention. It was introduced 
to simplify the electric circuit of each span. 


SCHEDULE OF CALCULATIONS 


Let a single section on the resultant span network in Fig. 3 
be considered. (This network section is not identical with a beam 
section as the ground coils of two neighboring beam sections in 
Fig. 2 have been combined.) By an inspection of Fig. 3 the 
following set of equations may be written expressing the unknown 
right-hand quantities (primed) in terms of known left-hand 
quantities (unprimed) as 


De! = D,— — 
= 


Here D and D’ are identical with D; and Dz of a beam section, 
but F and F’ are not the same as /! and F?, that is, F and F’ do 
not represent actual shears and moments in the beam. They 
have a physical meaning only in the electrical network and have 
no mechanical equivalent. 


CALCULATIONS OF Spans BeTweEeEN FLEXIBLE BEARINGS 


When the bearings are flexible at both ends of a span, the basic 
calculation consists of impressing a unit voltage D, or current 
F' at the left (the other three quantities remaining zero) and 
calculating by the previous equations the four voltages and 
currents appearing at the other end. The following two cases 
are possible: 

1 The whole shaft is calculated through without dividing the 
shaft into spans. 

In that case only any two of the four possible unit quantities 
are impressed on the left end of the shaft. However, every time a 
bearing flexibility is changed the whole calculation has to be 
repeated for all spans and for all speeds. 

2 Each span is calculated separately, irrespective of the 
presence of bearings. 

In that case all four of the possible unit quantities are impressed 
at the left end of each span in succession. Once the span has 
been calculated at a particular speed, the same calculations are 
used for all variations in bearing flexibilities. 

Impressing two unit voltages and two unit currents, the four 
separate calculations give sixteen different constants in the form 
of four equations, shown schematically in Table 2. 


TABLE 2 RESULTS OF NUMERICAL CALCULATIONS 
ON A SPAN 


Impressed unit quantities 
at left end of span 


Dy Dy 


Dy = a b | 

Calculated quantities at Dry = he | d | k t | 
right end of span e | 
lo | a | o | p| 


Also for every given speed N, a new set of sixteen numbers 
has to be calculated. 

Instead of assuming a single unit D or F at a time, it is possible 
to assume four unknowns simultaneously, namely, Dy, Dn, 
F™!, and F"!, so that at each step four constants are calculated 
instead of one. The number of resultant operations does not 


4 
: 
— 
| 
] 
ar | 
| 
| 
| 
; 
| 


KRON—EQUIVALENT CIRCUITS FOR NUMERICAL SOLUTION OF SPEEDS OF FLEXIBLE SHAFTS — A-111 


BD y, DB -(% *% ) 
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y ey py! pe 
Pig. 2) INTERCONNECTION OF SecTIONsS INTO A SPAN 


4 Equrvatent Crecuit or a Span Between Two} 
BEARINGS 
TABLE 3 CALCULATION OF SELF AND MUTUAL 
ADMITTANCES 
Find D = il — kj 


‘1G. 3 RESULTANT EQUIVALENT CIRCUIT OF A SPAN 
R Eau! E SPAN 


change; on the other hand, the circuit constants Z,, Z,, etc., 
have to be looked up only once instead of four times. 


CHECK ON CALCULATION 


In order to check the correctness of the four numbers derived 
at any part of the span, say one third or halfway along the 
span, it is necessary that two columns be calculated simul- 
taneously, in particular either PF”! and F"! or Dy, and Dy. The 
two sets of calculations may be done by two separate calculators 
proceeding with a different column and checking their results 
at any part of the circuit. If at some point of the circuit one 
of the calculators has column F"! (namely, 7, l, », and p), the 
other has column FY! (namely, 7, k, m, and 0), then their numbers 
are correct if (using Equation [29] of Appendix 2) 


For the two other columns D),; and D,,, the numbers are 

correct if 
CALCULATION OF SPAN EQUIVALENT CriRcUIT 

If the circuits are solved on a network analyzer, it is necessary 
to set up an equivalent circuit representing the results of Table 2. 
Those not interested in such a solution may leave this section 
out and may represent the span network by a blank rectangle, 
as in Fig. 5. 

The sixteen numbers found for a particular speed do not yet 
represent the self and mutual admittances of the equivalent 
circuit. The latter are also sixteen in number, forming a sym- 
metrical set as shown in Equation [4]. They are found by the 


formulas shown in Table 3. There are also two checks (Y, and 
Y;) on the correctness of calculations 


Dy Dy, Dye 


1 | Y, Y, Y; 7 
| Y, Y; 


* D 
Y, = —(Y,c + | = + 
Y, = —(¥,d + Yb) = + Fie) 
Y, = Yym+ Ya = Yop + Y,0 
= Yn + Y,m = Yjo+ 


The equivalent circuit in Fig. 4 is formed as follows: 

1 The mutual admittances of Equation [4] also represent the 
mutual coils between corresponding junctions. For instance, 
Y, in row r; and column y is the coil lying between junctions 
r; and ye. 

2 The coils to ground are found by adding up the four ad- 
mittances in the respective columns and changing the sign. For 
instance, the admittance of the coil from junction y; to ground is 


INTERCONNECTION OF SPANS, BEARINGS, AND FOUNDATIONS 


The spans are interconnected in series as shown in Fig. 5, while 
the bearing flexibilities along y are shown as shunts to grounds 
between spans. (Of course coils in paraliel may be replaced 
by a single coil.) 


Spons 


Foundation 


—J 


Fic.5 INTERCONNECTED Spans, BEARINGS, AND FOUNDATIONS 
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Fic.6 BErartna EQUIVALENT CIRCUIT 


Each bearing admittance may itself be the resultant of a more 
complex circuit. For instance, in Fig. 6 is shown a generator 
bearing circuit in detail. The bearing circuits themselves may 
be interconnected by circuit elements representing the nature of 
the foundation. 
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When the bearing and foundation motions are all assumed to 
exist only along a single linear direction y, their equivalent circuit 
is the conventional circuit of masses and springs connected in 
shunt or series. However, the bearing may have a tilting motion 
along the axis r, to be taken care of by an appropriate shunt 
admittance along r. 


REDUCTION OF OVERHUNG SECTIONS 


If, beyond the last bearing, an overhung section exists as 
shown in Fig. 7(a), the axes y2 and r, may be eliminated and the 
circuit replaced by three coils as shown in Fig. 7(b). These 
coils may be combined with parallel coils already existing to the 
left of the bearing so that the representation of the overhung 
section requires no extra coils. 


. AY, 
-Y2 Yy y= Ya + Yu 
oy AY. 
6 = y=-'M 
or 
“Vz y= Yu Y 
J if a 
2 y 
(a) (b) 
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When the overhung section exists ahead of the first bearing, 
then the axes Y; and r, are eliminated, resulting again in the 
foregoing circuit but with the sign of } reversed. 

The two cases cited assumed that the overhung section had 
a positive Ys. With a negative Y¢, the signs change corre- 
spondingly. 

The resultant equivalent circuit of several spans with bearing 
flexibilities, overhung sections, and foundations is shown in 
Fig. 8. 


NUMERICAL CALCULATION OF CRITICAL SPEEDS 


The natural frequencies are calculated in two steps, as follows: 

1 Assume unit voltage D,, impressed on the left-hand side 
of the shaft, Fig. 8, with the other voltage D,, and the two 
currents F¥! and F" being zero. Calculate the two voltages 
and two currents D,2’, F¥?’, Dn’, and F’?’ appearing on the 
right-hand side of the shaft, as shown in Fig. 8. 

2 Assume unit voltage HE, impressed on the left-hand side, 
with the other three quantities zero, and calculate the four right- 
hand quantities F¥?", Da”, and 

Both currents on the left-hand side of the shaft are zero. One 
of the resultant currents on the right-hand side, say, FY? = F¥2’ + 
F¥2", may also be made equal to zero by changing the unit 
voltage D,, to zD,, so that 


FY? = + = 0 


from which « = —F¥?’/F"", With 2D,, impressed, the other 
right-hand current F’? becomes 


Fr? Fr?’ Fr2" (6| 


representing the ‘excess moment.” Now at those speeds .V 
at which the excess moment F"? becomes zero, all four currents 
are zero and the speed is a critical speed. By assuming a variable 
speed N, the values of F’? may be plotted against NV. The 
calculations may be checked again at any desired point by 
Equation [2]. 

When the presence of the foundation is considered under one 
or more spans, Fig. 8, an unknown potential D is introduced 
at junetion A. If the unknown D is carried along to junction 
B, it is possible to solve for it, since the outgoing horizontal 
current at junction B is zero. More complicated mesh circuits 
may also be solved in an analogous manner by carrying along 
two or more unknown voltages simultaneously with the unit 
voltage until they can be determined. 

Instead of assuming first a unit voltage D,, impressed, then 
another unit voltage D,,, it is possible to impress two voltages 
simultaneously, namely, 1 along D,, and z along D,,, and carry 
through the network two sets of currents and voltages. The 
number of numerical operations to be performed is the same in 
either case. 


CALCULATION OF SPANS BETWEEN Riaip BEARINGS 


When all bearings are rigid, the deflections D, at the bearings 
are zero. In that case it is sufficient to impress two unit quan- 
tities on each span instead of four. Several possibilities of cal- 
culations are open. In one method F” and zF”' are assumed (F”! 
and F¥! are both unity, while zis unknown.) The two sets of 
calculations are now performed simultaneously. The resultant 
four equations of Table 2 become 


De | k | 
FY = mcF!+mF = 
Pi tem | » 


At the end of each span D,; is equated to zero, thereby allowing 
the determination of the unknown z. 


ASYMMETRICAL SHAFT OR BEARINGS 
ASYMMETRICAL SHAFT 


One or more of the spans may have different elastic constants 


yi y2 

y2 

Ore 
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along two principal axes at right angles. For instance, in a 
turbine shaft the generator span is asymmetrical due to the 
presence of slots. In such cases it will be assumed that the 
bearings and foundations are symmetrical. 

When the principal axes in each of the asymmetrical spans are 
parallel, then each principal axis is treated independently of the 
other with the method of the previous section of the paper. Two 
sets of critical speeds have to be calculated for the two axes 
independently. 

When the principal axes in each of the asymmetrical sections 
are not parallel but are at a constant angle (different between 
different sections), then, at least for one section, the two circuits 
along the two sets of axes y, r and z, g are not independent but 
are interconnected. The detailed equivalent circuit of a section 
to be put on the analyzer is given in Fig. 10 and Table 5 of ref- 
erence (4). For numerical calculations the circuit may be simpli- 
fied by multiplying the rows and columns of r; and gq by —1. 
Then four mutual admittances appear, as shown in Fig. 9, in a 
manner analogous to Fig. 1. The four ground admittances are 


Yu = Yost Yor) | Ya = Viet Yut 


Yn = Viet Yost Yar) | Yor = —(¥o—Viet+ Yut Yur) 
. [8] 
r q 
| | Yu Ve Yo 
| r Yis Vx Yn -Y¥n 
z Ys Yo 
Moss 
Y 
a t: 
N20 
q 
Git 
+ Moment of inertia 


Fig. 9 Circuit or SHart ASYMMETRICAL, 
TwIisTEp SECTION 
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Fig. EquivaLentr Circuit or ASYMMETRICAL BEARING 


Its inverse has to be calculated to find the self and mutual 
impedances Z needed for the numerical calculations, Fig. 11. 


y An Ly, 

———|-— ——|——| .. 
q | Zy | Zoe | 


The equivalent circuit to be used for this numerical procedure 
is shown in Fig. 10 in which the induced voltages due to mutual 
inductances are shown by generators. By inspection of Fig. 10 
the following set of eight equations may be written for the 
asymmetrical shaft in analogy to the set of Equations [1] 


D,' = D,— 2,, — Z,, — Z,, F* — Z,, F* ) 
D,' = D,—Z, — — Z,, 
= D,—Z,,F* — Z,, F*— Z,, F* — Z, F’ 

F’ = —Y,D,'— (D,'— D,’) 

= F*— Y,D,’ 
FU = F—Y,D,'— ¥ (D,'— D,’) 


Here again the equations do not represent a beam section. 
They correspond to a section of the electrical network on. . 


ASYMMETRICAL BEARING 


If an asymmetrical coupling between the bearing flexibilities 
along the y and z directions is assumed, the form of this coupling 
is 


y z 
Zyy Zyr F Zy2F? ZyqF Yn Dy y | —A B 
2 
Ye a - A ly where C is different from B (say, B = KC) and has 
D, For numerical calculations, such an asymmetri- 
Zaq ZayFY Zager FY ZqzF* shown in Fig. 11. 
Da = ‘q + Repvction or Bearine Circuit 
eit 
Each of the bearing circuits may be replaced by an 


Fig. 10 EqutvaLent Circuit oF ASYMMETRICAL, TWISTED SECTION 


equivalent delta (employing only three coils) by the 
following steps: 
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(a) 


Fic. 12) Sreps IN THE REDUCTION OF 
1 The simple series-shunt circuits along y and z may be re- 
placed by an equivalent coil m so that the bearing circuit becomes 
that in Fig. 12(a). 
2 The latter circuit is reduced to three coils, Fig. 12(b), by 
the following formulas 


ml Y,,? Y2 + ms) | 

Vis mamma 


The resultant simplified circuit of the shaft system to be put 
on the network analyzer or to be solved numerically is shown in 


Fig. 13. 
NUMERICAL CALCULATION OF CRITICAL SPEEDS 


The critical speeds are calculated in a manner analogous to 
that shown under the same heading of the first section of the 
paper. However, now four different unit voltages and currents 
are impressed on the left-hand side in succession, instead of two, 
and eight different quantities are calculated on the right-hand 
side instead of four. 

To determine the ‘‘excess moment” along, say, 7, three of the 
resultant right-hand currents are to be made equal to zero in- 
stead of one. Changing three of the impressed voltages by -, 
y, and z, respectively, the ‘excess moment” is 


Det 
k (cl kd) + ¢ (jd — bl) + (bk 


Det 


Det 


‘ + (bh — fd) + i (fe— | 


where the right-hand currents are denoted by letters according 
to the scheme 


Fy Fue | a b | c | d | 
| Fr Fe" | f g | h | [17] 
paar | | rita | 


When the presence of a foundation introduces extra meshes, 
they are again taken care of by extra variables as in the first 
section with the same heading. 

Instead of assuming one impressed unit voltage at a time, it 
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is possible to introduce two impressed voltages, say, 1 along 
axis 7 and x along ™, and carry two sets of numbers. Afterward 
a unit voltage may be impressed along axis z; and x along 4. 
Or it is even possible to introduce four voltages simultaneously, 
say, 1 along axis #1, 2 along 11, y along 2:, and z along q, and carry 
four sets of numbers simultaneously throughout the network. 
Again the number of operations is not decreased with either 
method, but the procedure may be speeded up. 

It is possible to check the correctness of the numbers at any 
particular bearing by the use of Equation [29], Appendix 2. 
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Appendix 1 


SIMPLIFIED EQUIVALENT CircurTs OF A BEAM 
The admittance matrix and equivalent circuit of a beam with 
mass Y,, and moment of inertia Y, are given in Equation [18] 
and in Fig. 14, reproduced from reference (4). 


ry 
y, 
[18] 


The constants are shown in Table 1. With this sign conven- 
tion, the equivalent circuits of beams may be interconnected in 
shunt and in series in arbitrary manner, the same way as the 
beams are. 

This circuit is not in a form to be used for numerical calcula- 
tions, hence let the directions of Dj. and F"? on the beam be 
changed by multiplying the row and column of rz: by —1. 


Yi r2 
ix | —¥e | 


Then, provided the signs on the circuit remain unchanged, all 
mutual admittances at junction rz, also change signs, while all 
ground coils assume different values as shown in Equation [19] 
and Fig. 15. In particular, there is no coil in parallel with the 
mass. 

With this new sign convention, the circuits cannot be inter- 
connected in arbitrary manner, only in series and then even with 
certain precautions only, as will be presently shown. 

The four Equations [19] F = Y D may be rewritten as 


= 
4+ — Dy 

Dis 
+ (Y;— Dr 


(Dy — Dy) + Ye (Dn — Dr) } 
Ye (Dy: — + (Dn — Dr) 
—(F¥' + Y,, Dy) 


. [20] 


These equations may be simplified by a simplification of its 
electrical equivalent circuit shown in Fig. 15. It may be noted 
in the latter that part of the circuit without the grounds repre- 
sents a transformer shown in Fig. 16 (because of the presence of 
four identical cross-coils Ys, two of them plus, the other two 
minus). The admittance matrix of the transformer is 


Its impedance matrix is 
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Fic. 14 OriGinat EQUIVALENT CIRCUIT OF A 
Beam SECTION 


FY! Fy? 
T 2 
Ye Y7 Bon 7 
Fic. 15 EQUIVALENT CIRCUIT OF A 
SEcTION 
tt ! + Yo 
FY 
“Ve 2 
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Fic. 16 TRANSFORMER REPRESENTATION OF A SECTION 


2 | 3 
| | | | 6B 2B 
2B | B | 


so that the final equivalent circuit is that shown in Fig. 1. 

When the equivalent circuits of two neighboring sections are 
placed side by side as in Fig. 2, it can be noted that the two shunt 
impedances along each axis may be combined into one coil, as 
shown in Fig. 3. The equations of one repetitive section in 
Fig. 3 may now be written down by simple inspection as 


D,’ = D,—Z,F*—Z,,F" ) 
D,! = D,— | 
= 
F’ = F’—Y,D,’ } 


The step from Equation [19] (or [18]) to Equation [23] used 
in the numerical work has been accomplished by purely electrical 
considerations. The same steps are retraced algebraically in 
Appendix 1 of the companion paper by Rankin (3) by following 
closely the electrical manipulations. 

Because of the change in sign of the axis 7; the beam sections 
can now be interconnected in series only with the precaution that 
the second beam section has opposite signs along 7 instead of 
along rz. This is equivalent to changing the signs of Y¢ in the 
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we 
‘ 
3 
: 
A 
a" 
| 
[23] 
| 
| 
| 
} —y 7 


A-116 


matrix of Equation [19] and in the circuit, Fig. 2; leaving the 
signs of currents and voltages unchanged. 

Because of the alternation of Y¢, the absolute potentials on the 
lower lines, namely, the angles, also alternate in sign, forming a 


zigzag curve. In the original network in Fig. 14 the angles form . 


a smooth curve; on the other hand, the coils representing masses 
contain another coil in parallel. 


Appendix 2 


GENERAL Circuit PARAMETERS 


The numerical method of starting with known D’s and F’s at 
one end and finding the D’s and F’s at the other end is equivalent 
to calculating the general circuit parameters A, B, C, and D of 
the system 


| Dy | Dr | 


Dy a b | 

Dr A |B 

—| = = | .. 124] 
Fv e f m | 

F"? g h | 


However, each parameter now consists of a matrix instead of a 
number. The self and mutual admittances may be found as 
follows 


D: 
F: = CD +DF 
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From the first equation of Equation [25] 

Pym BOR — Bie [26] 
Substituting into the second equations 
= Di + Di = Y" D+ bon 
F: = (C—DB7 A) D + (D B™) Dr = Di + Y™ Ds 
Or, from the second equation 

D = DP, 
Substituting into the first equations 
D: = (B—AC™D) Fit (AC™) = Zn Fi + Zn Fs 
Because of the symmetry of Y"', Y*2 and Zn, Zx, four relations 
3 —C“"D = D), 


follow 
1 A = (—B7 A) [29] 
2 DB = (D B~), 4 (A 

The second and fourth relations give the two checks used in 
the numerical calculations. An additional set of checks follows 
from the symmetry of Y!* with Y*! and Zi: with Zn 

BC,—AD, = 1 or CB,—DA, =1 [30] 

(ie + jf) — (am + bn) = 1| (ig + gh) — (ao + bp) = of (31) 
(kg + lh) — (co + dp) = 1| (ke + lf) — (cm + dn) = 


The self and mutual admittances of the equivalent circuit are 
from Equations [27] 


y" =B- | yu =—B-14 | Y* =DB-...... [32] 


and are given in detail in Table 3. 
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Calculation of the Multiple-Span Critical 
Speeds of Flexible Shafts by Means 
of Punched-Card Machines 


By A. W. RANKIN,' SCHENECTADY, N. Y. 


In turbine design, the critical speeds must be adequately 
spaced from the normal running speed toassure a smoothly 
operating unit. It is essential therefore that these criti- 
cal speeds be predicted early in the design. To overcome 
general methods of calculating multiple-span critical 
speeds of irregular shafts, the author has devised a method 
employing standard punched-card business machines to 
avoid the prohibitive manual calculations hitherto in- 
volved in such work. 


NOMENCLATURE 


HE following nomenclature is used in the paper: 
T In addition to the specific subscripts of the quantities 
given below, the auxiliary subscripts 0, 1, 2 are used to in- 
dicate initial values on the left overhang and first and second 
bearings, respectively. 

Unprimed letters refer to the left-hand quantities on any in- 
cremental mesh circuit in Fig. 4, or incremental shaft section in 
Figs. 14 and 15; primed letters refer to the corresponding right- 
hand quantities. 


A,B,C, D = general factors used only for description of multi- 
plier operations [5] 
dy, dy2 = calculated values of D,, based upon assumed initial 
conditions, Equations [2a, b], respectively 
d,, dy. = calculated values of D,, based upon assumed initial 
conditions Equations [2a, 6], respectively 
D,, D, = shaft deflection and slope, respectively 
E = Young’s modulus 
Sui, fu2 = calculated values of F,, based upon assumed initial 
conditions, Equations [2a, b], respectively 
fn, fee = calculated values of F,, based upon assumed initial 
conditions, Equations [2a, b], respectively 
F,, F, = shaft shear and moment, respectively 
cussion at close of Appendix 1) 
g = gravity acceleration = 386 
* 4,3 = adjacent shaft sections; Appendix 1 
I = effective inertia of each incremental shaft length 
l = length of each incremental shaft length 
M = moment on end of each incremental shaft length; 
Appendix 1 
N = Speed in thousands of rpm 


(see dis- 


1W 
P = acceleration forces = 5 — w*y 
<9 


1 Turbine Generator Engineering Division, General Eleetrie Com- 
pany. Mem. A.S.M.E. 

Contributed by the Applied Mechanics *Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tur 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1946, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


s = shear force on end of incremental shaft length 
Appendix 1 
S=s+P 
W = weight of each incremental shaft length 
y = shaft deflection; Appendix 1 
Y;, Y,, = admittances to ground in Fig. 2; defined in Table 1 
Y, = sum of adjacent Y7 values 
Y, = sum of adjacent Y,, values 
Z,, Z,,, Z, = line impedances as shown in Figs. 2, 3, and 4; de- 
fined in Table 1. (Note that Z,, alternates in sign 
in progressing through successive sections as 
shown in Figs. 2 and 3.) 
= co-ordinate systems; defined in Fig. 2(a) 
shaft slope; Appendix 1 
= speed, radians per sec 


GENERAL 


HE important role in turbine design played by the critical 

speeds of multiple-span flexible shafts is too well known to 

require more than a superficial introduction. It is sufficient 
to note that to guarantee a smooth-running unit the critical 
speeds must be adequately spaced from the normal running speed. 
It is therefore essential that these disturbing critical speeds be 
accurately predicted during the design stage. A practicable, 
quick method of calculating multiple-span critical speeds accu- 
rately would accordingly be of not inconsiderable benefit in prac- 
tical design. 

Several accurate and general methods of calculating multiple- 
span critical speeds of irregular shafts are available in the tech- 
nical literature, but in the author’s experience these methods, 
while completely competent in a technical sense, are not satis- 
factory for routine design or development because of the dis- 
couraging number of calculations which must be made. This 
criticism becomes more specific when one realizes that it is not 
possible to calculate critical speeds directly; it is necessary to 
start at a speed less than the first important critical speed and re- 
peat the calculation for successively higher speeds until the prac- 
tical range is covered. The critical speeds are then those speeds 
for which all the boundary conditions are satisfied; for speeds 
other than the critical speeds it will be found that one boundary 
condition remains unsatisfied. The number of assumed speeds 
for a typical four-bearing shaft, for instance, can be realized by 
noting that the lowest critical speed may be down to 1000 rpm 
while the highest of practical interest may be around 5000 rpm. 
In order to determine accurately all the critical speeds and modes 
of vibration, it is necessary to use 200-rpm increments or smaller. 

In addition to the large number of assumed speeds, it is neces- 
sary to divide an irregular shaft into a number of incremental 
lengths. For a typical four-bearing turbine-generator set, about 
thirty such incremental lengths are necessary. The calculation 
sequence must be repeated for each incremental length for each 
assumed speed. It is accordingly evident why numerical in- 
vestigations of critical speeds of multiple-bearing sets have here- 
tofore been limited strictly to the most important cases. 
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It is the purpose of this paper to show how standard punched- 
card machines? can be employed to eliminate the prohibitive 
manual calculations just discussed. 

Punched-card machines are standard machines now in rela- 
tively wide use in machine accounting. The data under study 
are fed into these machines by means of cards of the type shown 
in Fig. 1. These cards are punched in accordance with the known 
data, and the machines are actuated by contacts through the 
punched holes. The results of the operations performed by the 
machines are punched automatically on cards in a similar fashion. 
Such machines have already been discussed to some extent in the 
technical literature. Eckert (1) has described their application 
to astronomical calculations; McPherson (2) has described the 
various machines, and the mathematical operations which they 
can perform; Kormes (3,4) has discussed the solution of both 
differential equations and field problems; Critchlow (5) has al- 
ready pointed out that these machines can be “‘successfully and 
economically” used in aircraft flutter studies; and there are 
several other publications on their application to technical 
problems. 

Although punched-card machines could undoubtedly be ap- 
plied to the methods of calculating critical speeds already availa- 
ble in the technical literature, for instance, the methods of 
Myklestad (6) or of Prohl (7), the studies of the author have been 
confined principally to the equivalent-circuit analogies of Kron 
(8), and his relations and equations will be used in this paper. 
It will be necessary, therefore, to digress somewhat and summa- 
rize Kron’s equations for calculating critical speeds. This sum- 
mary is given in the following section. The reader is referred to 
the companion paper by Kron‘ for the original derivation of these 
equations, although a derivation without the use of the equiva- 
lent-circuit analogue is given in Appendix 1 of this paper. Kron’s 
relations appear to be particularly well suited to punched-card 
methods of solution because of their highly repetitive nature. 

It should be noted that although the method of calculation as 
presented in this paper is based upon the equivalent electric cir- 
cuit, yet the a-c network analyzers (9) now in fairly wide use on 
various technical problems do not have sufficient range for this 
application. It has been found by trial that the number of digits 
needed in the calculation of multiple-span critical speeds is too 
great for the network analyzers now available. Satisfactory re- 
sults have been obtained for many mechanical vibration problems 
by means of network analyzers but for long shafts on several 


2 The machines used for the study presented in this paper were 
manufactured by the International Business Machines Corporation, 
The experience of the author is limited to these machines. 

3 Numbers in parentheses refer to Bibliography at end of paper. 

4“The Equivalent Circuits for the Numerical Solution of the 
Critical Speeds of Flexible Shafts,’’ by Gabriel Kron, also presented 
at the 1945 Annual Meeting of Toe AMERICAN Society OF MECHANI- 
CAL ENGINEERS. 


bearings, it is necessary to resort to calculating machines using a 
large number of digits. 


Basic ANALYTICAL RELATIONS 


In the equivalent-circuit analogy, the shaft deflection and 
slope, D, and D,, respectively, are represented by voltages to 
ground, while the shear and moment, F, and F,, respectively, are 
represented by line currents. The shaft is first divided into an 
adequate number of incremental lengths, and the basic equivalent 
circuit in Fig. 2is constructed. Note that Z,, is a mutual imped- 
ance between the upper and lower circuits. The impedances Z 
and admittances Y are given in Table 1. Note that the co- 
ordinate systems alternate at the extremities of each beam in- 
crement, as indicated by the a and 8 designations. 


TABLE 1 IMPEDANCES Z AND ADMITTANCES Y 


Wi 2 
Tog: Yay” Veni * 


The circuit in Fig. 2 is known as the basic equivalent circuit 
because each circuit section is a complete representation of the 
corresponding beam section. The shear and moment acting on 
each section are obtained by direct measurement of the current 
in the upper and lower horizontal branches, respectively, at the 
circuit sectioning points marked by the dashed lines. This basic 
circuit can be reduced to the less complex circuit in Fig. 3, the 
condensed basic equivalent circuit, by adding the adjacent Y; 
and Y,, values. This condensed circuit has fewer meshes and is 
accordingly easier to handle in “numerical calculations, but it 
should be noted that the terminal points of each section (the 
dashed lines in Fig. 2) are no longer directly available since they 
were submerged when the adjacent Y; and Y,, values were added. 

The condensed circuit in Fig. 3 is used for the calculation of all 
parts of the shaft except.the boundary points, such as shaft ends 
or rigid® bearings, at which points auxiliary stations are set up 
by means of which the true terminal points are obtained without 
disturbing the symmetry of the basic equations given in the fol- 
lowing paragraph. 

A representative mesh circuit for an incremental length of the 
condensed circuit in Fig. 3 is shown in Fig. 4. From this circuit 


§ In this paper, the term ‘‘rigid bearings”’ signifies bearings with no 
flexibility in the vertical or horizontal directions. All bearings are 
assumed of a ball-seat type equivalent to a pin through a beam, and 
the term “‘rigid’’ refers only to flexibility in the journal supports. 
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it is evident that the right-hand currents and voltages are related 
to the corresponding left-hand quantities by the Equations 
[la, b, c, 


Dy! @ Dy — — (1a] 


The foregoing are the basic analytical equations for the calcula- 
tion of critical speeds. The method of obtaining a numerical 
solution of these equations is essentially as described by Prohl. 
Beginning at the free end of the shaft, the initial conditions, de- 
fined by Equations [2a] and [2b], are separately employed, and 
two independent solutions are thereby obtained. 


Do = 1, Dw = Fo = Fy = 


If the shaft ends are in bearings rather than free as assumed in 
this paper, the initial conditjons are as already discussed by 
Myklestad or by Prohl. The method of calculating past a rigid 
bearing has been previously described by Prohl, but for complete- 
ness this method is also given in Appendix 2 of this paper. In 
either case, the numerical solution will continue as described in 
the following paragraph. 

Beginning with the initial conditions Equations [2a, 6], and 
applying Equations [la, b, c, d] as often as is necessary, the de- 
flection, slope, shear, and moment at any point along the shaft 
can be written as in Equations [3a, b, c, d], respectively. 


D, = dyDyo + [8a] 
D, = d,Dyo + ... [8b] 
F, = fuDy + 
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Fic. 4 REPRESENTATIVE Section From ConpDENSED Basic 
EQUuIVALENT CIRCUIT 


By means of Equations [3a, b, c, d], one of the two remaining 
known boundary conditions is applied. The critical speeds are 
then those speeds for which the remaining boundary condition is 
automatically fulfilled; for speeds other than critical speeds it 
will be found that the last boundary condition cannot be fulfilled. 
For instance, if the shaft ends on a free overhang, there must be 
zero shear and zero moment at the end. Setting Equation [3c] 
equai to zero and substituting into Equation [3d] gives Equation 
[4a] for the moment at the end of the shaft 


The critical speeds are those speeds for which Equation [4a} 
equals zero. These critical speeds can best be determined by 
plotting F,, the “excess moment,” against the assumed speed. 

As a second example, if the shaft ends at a rigid bearing, there 
must be zero deflection and zero moment. Making Equation 
[3a] equal to zero and substituting into Equation [3d] gives 
Equation [45] for the moment at the end of the shaft. As in the 
foregoing, the critical speeds are then those speeds for which the 
excess moment, Equation [45], is equal to zero 


F, = @ [4b] 


The foregoing completes the summary of Kron’s equations for 
the determination of critical speeds. The solution of these equa- 
tions by means of punched-card machines is described in the next 
section. 
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APPLICATION OF PUNCHED-CARD MACHINES 


The machines used in the study presented in this paper are as 
follows: 


1 A key-punch machine for punching the original data manu- 
ally. 

2 An interpreter for typing automatically the identifying data 
on each card. 

3 A multiplier for performing the necessary multiplications. 

4 A reproducer for transcribing automatically selected data 
from a given position on one set of cards to the same or a different 
position on another set of cards. 

5 <A duplicator for duplicating cards automatically when 
necessary. 

6 A numeric listing machine for reading selected data from a 
set of cards and listing them as directed. 

7 A sorting machine for necessary card sorting. 

With the exception of the multiplier, all are standard machines 
available in accounting departments geared to general machine 
accounting. The multiplier is itself a standard multiplying punch 
with the addition of a standard device called an “algebraic sign 
control.” By means of the latter, the multiplier can be plugged 
to perform either of the following operations, with due regard for 
the algebraic signs of all components 


[5] 


A, B, and C are automatically read from a card, the selected 
operation [5] is performed, and the result D with its algebraic 
sign is automatically punched into a designated position on the 
same card. 

To obtain a solution of the critical-speed problem, standard 
I.B.M. cards, type 5081, Fig. 1, were divided into fields* and the 
two types of cards shown in Fig. 5 were printed. Type 1 cards 
are used for calculating D,’ and F,’, and type 2 cards are used for 
calculating D,’ and F,’.. Two cards are needed of each type for 
each incremental shaft length for each assumed speed; one card 
is used for the application of the initial conditions, Equations [2a], 
and the second for the initial conditions, Equations [2b]. Four 
cards are thus needed for each station for each assumed speed as 
follows: 


Type 11: Initial conditions [2a]; calculation of Dy’ and Fy’ 
12: Initial conditions [2a]; calculation of D,’ and F,’ 
21: Initial conditions [2b]; calculation of Dy’ and F,’ 
22: Initial conditions [2b]; calculation of D,’ and F,’ 


The shaft weight and stiffness values Zy, Z,, Z,,, Y,, and Y, 
are punched into fields, 7, 8, and 9, and the type, station, and 
assumed speeds are simultaneously punched into fields 1, 2, and 3. 
Note that Z,, Z,, Z,y, Y,, and the type and station need be hand- 
punched into only one card for each station; as these data do not 
change with speed, the remaining cards for each station can be 
punched automatically on the reproducer. Only Yy and the as- 
sumed speed need be hand-punched on each card, and even the 
assumed speed can be punched automatically on the reproducer 
by first making master cards to cover the desired speed range. 
In addition, note that types 21 and 22 can be completely punched 
automatically from types 11 and 12, respectively. 

The assumed initial conditions, Equations [2a, b], are hand- 
punched into fields 4, 5, and 6 of the cards for the first station, 
and all the necessary preliminary punching is then completed. 

The calculations of Equations [la, b] must be performed in two 
steps since, as shown in operations [5], the multiplier can perform 
only A = (B X C) = B. The cards with the initial conditions 


§ A field is merely a group of columns in which data of a particular 
nature will always appear. The cards of Fig. 5 have twelve such 
fields each. 
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are placed in the multiplier with the latter plugged to read fields 4, 
5, and 7, calculate 4 — (5 X 7), and punch the result into field 10. 
With this operation, the quantity [6a] has been calculated and 
punched into the cards of types 11 and 21, and the quantity [6b] 
has been calculated and punched into the cards of types 12 and 22. 


... [6a] 


Upon completion of this operation for all cards, the multiplier is 
replugged to read fields 10, 6, and 8, calculate 10 — (6 X 8), and 
punch the result into field 11, and the cards are sent through the 
multiplier again. Upon completion of this second operation, and 
the punching of the result into field 11, the last product on the 
right-hand side of Equations [la, b] have been calculated and 
subtracted from the quantities defined in [6a, 6]. Dy’ has thus 
been calculated and punched in cards of types 11 and 21, and D,’ 
has been calculated and punched in cards of types 12 and 22. 

The replugging of the multiplier, as mentioned in the foregoing 
paragraph, takes practically no time as the plugging is done on 
detachable plugboards, and the necessary number of these are 
plugged for the required operations before the first run is made. 
Replugging the multiplier accordingly requires only the removal 
of one plugboard and the insertion of another, and this is a matter 
of a few seconds. A new “skip” bar, which positions the field in 
which the punching is to be done, must also be changed with 
each plugging change, but this is also a matter of seconds. 

By means of a third plugboard, the multiplier is now plugged 
to read fields 5, 9, and 11, calculate 5 — (9 X 11), and punch the 
result in field 12, and the cards are run through a third time. 
With the completion of this operation, F,’ has been calculated 
and punched on cards of types 11 and 21, and F,’ has been calcu- 
lated and punched on cards of types 12 and 22, in accordance 
with Equations [lc, d]._ The calculations are thus completed for 
the first incremental shaft length. 

The primed quantities, calculated and punched on the first set 
of cards in accordance with Equations |la, 6, c, d], now become 
the unprimed quantities for the next incremental shaft length, and 
accordingly must be transferred to the cards for the next. incre- 
mental shaft length. The cards for the first incremental shaft 
length are accordingly fed into a reproducer plugged to read 
fields 11 and 12, as calculated in the foregoing paragraphs, and 
these calculated data are punched into fields 4 and 5 of the 
cards for the second incremental shaft length. 

With the foregoing operation, D, and F, have been punched 
into cards of types 11 and 21, and D, and F, into cards of types 12 
and 22. To punch F, and F, into field 6, the cards for this second 
incremental shaft length are divided into two groups; types 11 
and 21 in one group and 12 and 22 in the second group. These 
two groups are sent through the reproducer with the latter 
plugged to read field 5 in one group of cards and punched into field 
6 of the other group of cards. Two runs are needed to punch 
field 6 in both groups of cards. By these two runs, F; has been 
punched into the cards of types 11 and 21 for the second incre- 
mental shaft length, and Fy into the cards of types 12 and 22. 
As with the multiplier, the replugging of the reproducer for these 
transcribing operations takes little time as detachable plugboards 
are preplugged for the necessary operations. 

The foregoing completes the punching of the cards for the sec- 
ond incremental shaft length. These are then placed in the 
multiplier, and the operations described in the foregoing para- 
graphs are repeated until the end of the shaft is reached. At this 
point, the final cards are placed in a numeric listing machine 
plugged to read and list fields 11 and 12 (D,y’ and F,’, and D,’ and 
F,’), and the excess moment is obtained from the listed data by 
manual calculations. 
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Another method of obtaining the excess-moment curve is to 
place the final cards in a reproducer plugged to transfer fields 11 
and 12 into new cards, and the excess moment can then be ob- 
tained by the multiplying machine. The cards containing the 
calculation of the excess moment are then placed in the numeric 
listing machine plugged to read and list the calculated excess 
moment, and the critical speeds are then obtained by plotting the 
listed data. 

The modes of vibration are obtained by means of Equation 
{ga}. The final boundary conditions will give D,o in terms of 
Dy and will give the critical speeds. The type 11 and 21 cards 
are placed in a sorter, and all the speeds closest to the calculated 
critical speeds are picked out. The dy, values from the type 11 
cards are punched automatically by means of the reproducer into 
field 5 of a new set of cards. The dy: values from the type 21 
cards are similarly punched into field 11 of the new set of cards, 
and Dy) in terms of Dyo, as obtained from the calculation of the 
excess moment, is gang-punched into field 9. These new cards 
are then placed in the multiplier, and with the plugboard plugged 
to calculate 5 + (9 X 11), the result is punched in field 12, the 
quantity thus punched in field 12 being the amplitude of vibra- 
tion. These cards are then placed in the listing machine plugged 
to read and list field 12. A plot of the listed data will then give 
the mode of vibration. 


NuMBER OF Diaits 


It is recognized that in any calculation of critical speeds, a 


relatively large number of digits is required as the excess moment 
is normally the difference between two large numbers. The 
multiplying machine used in the study presented in this paper can 
handle eight digits in the multiplier and eight digits in the multi- 
plicand and can punch ten digits in the operation given by [5]. 
These two extra digits are used in permitting the growth of the 
calculated data, and in determining when to shift decimals in the 
various plugboards. Of the ten digits in field 12, for instance, the 
first (column 71) is used to record the sign, while the second 
(column 72) is punched zero so long as there are only eight digits 
in the calculated quantities, these eight digits being punched in 
columns 73 to 80, inclusive. By passing a needle through the 
zero of column 72, it is a simple matter to determine when the 
calculated quantity has increased from eight to nine digits since 
the (ninth) digit punched in column 72 will no longer be zero. 
It is then necessary to shift the decimal on the plugboard. In 
this way the requisite accuracy can be easily maintained through- 
out the entire calculation. The growth of fields 10 and 11 is 
handled in the same way. 


NUMERICAL EXAMPLE 


As an example of the methods described in the foregoing para- 
graphs, numerical calculations were made on the four-bearing 
stationary turbine-generator model shown in Fig. 6. Considera- 
ble test data were available on this model, and calculations for 
the case of rigid bearings were accordingly made to test both the 
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correctness of Kron’s equivalent-circuit analogies as well as the 
efficacy of the punched-card method of solution. 

The model was divided into twenty-six incremental lengths 
which when added to the auxiliary stations at the rigid bearings 
gave a total of thirty stations. The speed range under study 
was from 1500 rpm to 4500 rpm in 200-rpm increments, thereby 
giving a total of 830 X 16 K 4 = 1920 cards. 

One day was required for the calculation of the shaft stiffness 
and weight constants, and another day was required to punch 
these data into the cards. Complete calculations for three sta- 
tions could be made in 1 hr, thus requiring 10 hr for the shaft 
calculations, exclusive of the auxiliary calculations at the rigid 
bearings. The latter calculations required about 6 hr total, so 
about 4 days were required for the entire study. It should be 
noted, however, that a complete set of punched cards is now 
available for this model, and if any design changes are suggested, 
only the cards applying to the particular part of the shaft which 
is changed will require any appreciable time for repunching, since 
all the other cards can be quickly punched automatically on the re- 
producer. 
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(Vertical scale on this drawing is 5 times the horizontal scale. In order to 

conserve space, this drawing shows the model parted at the No. 3 bearing; 

actually, the turbines are rigidly connected to the generator and form a 
single-shaft unit on four bearings.) 


Calculations were first made to determine the single-span criti- 
cal speeds of the three elements. The results of these calculations 
together with corresponding values determined by test are given 
in Table 2. 


TABLE 2 SINGLE-SPAN CRITICAL SPEEDS . 
Calculated, rpm Test, rpm 


High-pressure turbine and turbine overhang. . 3900 3900 
Low-pressure 4095 4165 
Generator and generator overhang.......... 1865 1840 


The calculations for the complete four-bearing set, in Fig. 6, 
were begun at the free end of the high-pressure turbine overhang. 
The curve of excess moment obtained at bearing No. 2 is shown in 
Fig. 7. The calculated first critical of the high-pressure turbine 
and its overhang is 3900 rpm, and the test value was likewise 3900 
rpm. 

The curve of excess moment obtained at bearing No. 3 is shown 
in Fig. 8. The calculated first critical speed of the assembly of 
high-pressure and low-pressure turbine and turbine overhang is 
3995 rpm, while the test value was 3980 rpm. 

The curve of excess moment obtained at the free end of the 
generator-shaft overhang is shown in Fig. 9. The calculated 
first-critical speed of the complete four-bearing model was 2025 
rpm, while the results of two tests were 2120 rpm and 2050 rpm. 
The calculated second critical of the complete four-bearing model 
was 4180 rpm, while the results of two tests were 4165 rpm and 
4205 rpm. 
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The foregoing checks between calculated and test values are re- 
markably close, especially in view of the difficulty of determining 
the correct effective inertias, as well as the known variations in 
Young’s modulus. 

The modes of vibration for the first and second critical speeds 
are shown in Fig. 10. These modes actually were plotted for 
1900 rpm and 4100 rpm, respectively, rather than for the exact 
critical speeds, but they are in good agreement with the known 
modes of the first and second criticals. 


FIRST CRITICAL 
=3900 RPM 


| 
| = | 
| 
| 
| 
| 
SPEED 10°*RPM 
wo 4 =| 


Fig.7 Excess-MomMEenT CurRVE FOR H1GH-PRESSURE TURBINE AND 
TURBINE OVERHANG OF Fia. 6 


In a preceding paragraph it was pointed out that to investi- 
gate any proposed design change, only the cards applying to the 
particular part of the shaft being changed need be repunched 
manually. As an example of the time required to determine the 
effect of any design change, the low-pressure element of the 
model shown in Fig. 6 was stiffened in order to increase its single- 
span first critical speed. The total time required to make this 
change and determine the new four-bearing critical speeds was 
less than 1 day. The excess-moment curve for this modified set, 
employing the low-pressure element with the high single-span 
critical speed, is shown in Fig. 11. Note that the four-bearing 
criticals have been changed only to a minor degree. Fig. 11 
illustrates one of the most important advantages of the punched- 
card method of solution, i.e., the rapidity with which the effect 
of changes can be obtained means that contemplated design 
changes can be thoroughly studied during the preliminary layout 
stages. 

Fig. 12 illustrates the manner in which data are obtained from 
the numeric listing machine. This specific illustration shows the 
listed deflections from which was plotted the mode of vibration 
for the second critical speed shown in Fig. 10. Similar listings 
were obtained to plot all the curves in Figs. 7, 8, 9, 10, and 11, as 
well as those curves from which Table 2 was obtained. It is 
important to note that it is unnecessary ever to read any data, 
calculated or otherwise, directly from the punched cards. These 
data are either automatically transcribed to new cards for further 
calculations, or they are listed in the manner shown in Fig. 12. 
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Appendix 1 


DERIVATION OF SHAFT EQUATIONS 


The fundamental shaft equations given by Equations [la, }, ¢, 
d] will be derived in this appendix without recourse to the elec- 
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99 00 4100 219027180 
99 01 4100 219027180 
99 02 4100 010000000 
99 03 4100 11795020 
99 04 4100 21869465 1°R 
99 05S 4100 31763422 
99 06 4100 0 4/1035 3 
99 07 4100 031443252 
99 08 4100 01165196 3°R 
99 09 4100 olo 00000 0OcR 
99 10 4100 011351308 
99 11 4100 011695458 
99 12 4100 011940080 
99 13 4100 021000975 
99 14 4100 011921858 
99 15 4100 0114415417 
99 16 4100 00j000000 
99 17 4100 00194755 
99 18 4100 001/18 92 2¢R 
99 19 4100 0FrR 
99 20 4100 0 0-016 4 80 
99 21 4100 00 0/2 713 2°R 
99 22 4100 000]/14618 
99 23 4100 000)5 6756 
99 24 4100 ae. 
99 25 4100 000110736 
99 2.6 4100 00j/000000 
99 27 4100 01145923 


Fie. 12 Listep Data From Numeric Listing MACHINE 


(These data are deflections from which second-critical mode of Fig. 10 was 

obtained. First column is code signifying mode of vibration; second column 

lists station numbers; third column lists speed in rpm; fourth column gives 

deflection. Symbol CR, “credit,” signifies negative quantity. Manually 
added vertical lines locate decimal point.) 


trical circuits shown in Fig. 2. This appendix is included in this 
paper because a strict mechanical approach to the foregoing equa- 
tions will be a desirable complement to the electrical-analogue 
methods of Kron.‘ It is emphasized, however, that the logic 
used in this appendix is itself based upon the electric-circuit 
methods by which it was preceded. 

Consider the 7th shaft section with the external loading and co- 
ordinate systems, as shown in Fig. 13. 

The shears and moments can be written as in Equations [7a, b, 
c, d] from elementary beam relations. 


S; = —S,;' ese [7a] 
6EI; 12EI;_ , 
S; = A i, 0; [7c] 
6El,; 4EI; 6EI; , 
+ i 6; + Yi i, 6;’.... [7d] 
The last two equations can be rewritten 
12EI, 
S; = (y; — 4%’) — 1,2 (0; — 9; ) [8a] 
2EI, » , 
i i i 


Solving Equations [8a, b] for y;’ and 6,’ gives Equations [9a, 6). 
Substituting s;, s;’, P;, and P,’ into Equation [7a] gives the shear 
Equation [9c]. Substituting M; and S;’ into Equation [7b] gives 
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the moment Equation [9d]. These are the four basic equations 
for the ith shaft section. 


1,3 12 2EI 
= + —— + (1, — [9a] 


6El, 
l; 
0; ‘ + ‘ + EI, (m, l, [9b] 
2 9 wy; 2 wy; ] 
2EI 
M,’ = —M, + [9d} 
‘ ‘4 


di 


Fie. 13 THe SHart SEcTION 


| 
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It is evident that two shaft sections of the type shown in Fig. 
13 could not be adjacent because the contiguous co-ordinate sys- 
tems would not mesh. If, however, the co-ordinate systems of 
the jth shaft section were Sa (rather than a8 as on the 7th sec- 
tion), then the 7th and jth sections could be adjacent because the 
contiguous co-ordinate systems would be identical. Consider, 
therefore, the jth shaft section with the external loading and co- 
ordinate systems as shown in Fig. 14. 


ig 
2. W. I, 
| 
p a 


Fig. 14. THe SHart SEcTION 


Analyzing the jth shaft section in a manner analogous to that 
used on the ith section gives Equations [10a, b, for y,’, 


and M,’, respectively. 
1? 2EI. 
—_ | M, }.... [10a 


2EI; ) 
6; 9; 2EI, S; > EI; ( [ 


= 


l; 
8; ae wy; {10¢] 
2EI 2EI, 
M,' = —M, + [10d } 
i 7 


The salient point to be noted in Equations [10a, b, c, d], is that 

the equations of the jth shaft section are identical with those of 

the 7th shaft section, except that the coefficient OKI in the first 

and second equations changes sign in going from the ith to the 

jth section. All calculations can therefore be confined to the 


equations of the ith section, provided the coefficient ET ® alter- 


nated in sign in progressing through the shaft sections. 
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With the chosen co-ordinate systems, the relations, Equations 
{1la, b] are physically self-evident. 


Equating the shear forces, as in Equation [12a], gives S; in 
terms of S,;, as in Equation [12c]. 


8, = - 
29 2g wri 
1 W, 1W, 
29 [126] 
1 W,; 1W 


Equating the moments, as in Equation [13a], gives M, in 
terms of M;, as in Equation [13c]. 


[13a] 
2EI 2EI, 2EI, 2EI, 
‘ ‘ 7 


2EI 2El, 2EI, 
'a) = (we, «)— @, [13¢] 
‘ 7 


The shaft Equations [la, b, c, d] of the electrical analogue can 
be obtained from the foregoing by means of the following sub- 
stitutions 


en Y, = Yu + Yu 
Ya Y,= Yat Yn, 
l 13 
Zn * = 
y= D, y' = y, = D,’ 
6; = D, 6,’ = 6; D,' 
S; = —F, S; = —F,’ 
6; = M; +e = —F, 
2EI, 
6, = M, + Y10, = —F,’ 


? 
Substituting Equations [14] and [15] into Equations [9a], [9b], 
[12c], and [13c], gives the basic shaft Equations [l6a, b, c, d]. 
Note that these equations are identical with Equations [la, }, c, 
d], which were obtained by the electrical analogue. 


[16a] 
D! = — 2F, 


Note that Z,, alternates.in sign in progressing through the suc- 
cessive shaft sections. 

It is evident from the last two expressions in Equations [15], 
that in general F, and F,’ are not true moments because of the 
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2EI 
presence of the a a 6 factors. They are called moments in this 


paper, and used as such, because their numerical values are of 
importance only at boundary points, such as rigid bearings or 
shaft ends, at which points they do become true moments. At 


2EI 
these boundary points, the — 6; term becomes zero, either be- 


7 
cause the shaft ends at the 7th section, or because the rigid bearing 
appears between the ith and jth sections. In either case, F,’ be- 
comes numerically equal to —M, and is a true moment. Ina 


i 


2 
similar manner, the -—— @,; term is dropped at the initial boun- 


daries, and F, is then a true moment. 
It is also evident that in general F, and F,’ are not true shear 


1W 
forces but differ from the latter by the terms 3°" Like the 


foregoing F, and F,’, however, the numerical values of F, and F,’ 
are of importance only at boundary points, and at these points 
they become true shear forces by simply dropping the offending 


1W 
— wy terms. 
29 


It is emphasized that F,, F,’, F,, and F,’, which in general are 
not true moments or shears, are merely convenient variables 
which greatly simplify and shorten the numerical solutions of 
critical-speed problems. At boundary points these variables 
must be properly handled in order to force them to reduce to 
true moments and shears. In the electrical circuit, the boundary 
values are applied at the shaft-sectioning points, marked by the 
dashed lines in Fig. 2. This was mentioned in the discussion of 
the equivalent electrical circuits, at which it was pointed out that 
the adjacent Y,, and Y; values should not be added together at 
the boundary points. The method of modifying the correspond- 
ing mechanical equations at the boundary points, as was de- 
scribed in the foregoing paragraphs, can be most easily visualized 
by a study of the equivalent electrical circuit. 


Appendix 2 


Ricip BEARINGS 


The method of carrying the calculations past a rigid bearing 
will be given in this appendix. Consider the simple two-bearing 
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Fig. 15 Two-BearING SHAFT FOR APPENDIX 2 


shaft of Fig. 15. Let the initial conditions at the left end be as 
given in Equations [2a, b]. The variables F,, F,, ete., must be 
modified at the known boundary points, as described in Appendix 
1, so that at these points true moments and shears will be ob- 
tained. 

Using Equations [8a, b, c, d], let the calculated values at the 
first bearing be 


Dy = dy Dyo + 
Dn dr,Dyo + dra Dro [17b] 
Fy = fonDeo + 
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Setting Dy,, equal to zero eliminates Dy. Substituting into 
Equations [17), d] gives D, and Fy 


dyn 

dy 


Setting D,, equal to zero fixes the deflection at zero correspond- 
ing to a rigid bearing, and also eliminates one variable, Dy. The 
bearing reaction at the first bearing is unknown, however, and it is 
accordingly necessary to introduce a new shear variable corre- 
sponding to the unknown bearing reaction. The calculations im- 
mediately to the right of the first bearing are accordingly started 
with the two initial conditions defined by 


Dr = Dn, Fr = Fn, Dy = Fy, = 0 [19a] 
Fy = Dy = Dr = Fry = 0 [19b] 


At the second bearing, equations analogous to Equations [17a, 
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b, c, d| are obtained, except that Dy is replaced by Fy. The un- 
known D,p» is still present since the quantities defined by condi- 
tions [19a] are directly proportional to Dr. Specifying zero 
deflection (Dyz = 0), corresponding to a rigid bearing, will give 
the unknown shear Fy, in terms of D,», and eliminates one un- 
known. A second unknown shear must be introduced, however, 
corresponding to the unknown bearing reaction at No. 2 bearing, 
and the calculations immediately to the right of No. 2 bearing are 
started with the two initial conditions defined by 


Dro Dro, Fy Dy2 = Fye = 
Fy = 1, = Da = Fr = 0 ] 


At the free end to the right in Fig. 15, equations for the shear 
and moment are obtained analogous to Equations [17c, d], except 
that Dy is now replaced by Fy. The known boundary condition 
of zero shear at the free end will give Fy: in terms of Dr. Sub- 
stituting into the moment equation will give the expression for 
“excess moment” in terms of Dy. Those speeds for which the 
excess moment is zero, independent of the value of Dro, are then 
the critical speeds. 
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Design and Application of Rail- 


Transportation Gearing 


By D. R. MEIER! ano J. C. RHOADS,? ERIE, PA. 


The special requirements of rail-transportation gears 
are described in this paper together with a description of 
various types of gear failures. The major design con- 
siderations are discussed and methods given for the cal- 
culation of gear-tooth stresses. Several charts used in 
making design calculations are included. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A,B, A’, B’ = constants 

DP = diametral pitch 

F = face width 
Hg, = Brinell hardness 

M = pinion torque 

P, = load per inch of face per inch of pinion pitch 

diameter 

N = number of teeth in pinion 
N« = number of teeth in action 
W = tangential tooth load 

dy = pinion pitch diameter 

p = circular pitch 

S, = bending stress 

S. = compressive stress 


S, = endurance-limit value of compressive stress 
@ = pressure angle 

y = Lewis tooth form factor 

R = gear ratio 


INTRODUCTION 


Gears have greatly influenced the development of electric drive 
for rail-transportation vehicles. A summary of various aspects 
of the design and application of such gearing is presented in this 
paper, in a form suitable for direct application in design work. 


HistroricaL REVIEW 


Although some of the early electric motors were gearless with 
the motor armature directly on the axle, the industry did not 
progress rapidly until motors were geared to the axle. The early 
gears were cast and relatively soft, but their quality steadily 
improved and greater loads were carried as design knowledge was 
acquired. Gear development has kept pace with motor de- 
velopment, so that as motor constants permitted higher armature 
speeds, gears were available to utilize these speeds. The progress 
in traction-motor design in the last 35 years is shown in Fig. 1, 


1 Design Engineer, Mechanical Design Section, Transportation 
Motor Division, General Electric Co. 

?Head of Mechanical Design Section, Transportation Motor 
Division, General Electric Co. 
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Fic. 1 Progress 1n Motor Design; SINGLE-REDUCTION GEARING 
prepared from data on motors in service. All of these motors are 
geared to the axle through single-reduction gearing. The gearing 
has had a greater effect on the increase in tractive effort per pound 
weight than on the decrease in weight per horsepower. Tractive 
effort is a torque function agd is therefore directly dependent 
on gear ratio, whereas increased horsepower per unit weight 
must be accompanied by fundamental motor-design changes in 
addition to speed increase. ' 


APPLICATION 


GENERAL REQUIREMENTS 


The requirements for railway gearing are quite different from 
those of other types of gearing. , 

Life. The life should be many times that of automotive gear- 
ing. Fig. 2 is a view of a pinion taken after 1,500,000 miles 


Fie. 2. Conpition oF Rartway Motor Pinton AFTer 1,500,000 
Migs or LocoMoTIvE OPERATION 
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service, showing negligible we: The amount of wear depends 
to a great extent on the maintenance and the type of service. 
The life of switching-lecomotive gears should be measured in 
hours rather than in miles because of the large amount of low- 
speed high-torque operation. In most cases automotive gearing 
can be designed for a finite number of load cycles, below the en- 
durance limit. Railway gearing on the other hand must usually 
be designed for 10,000,000 or more cycles of load application, 
which is practically equivalent to designing for the endurance 
limit. 

Loading. The load on railway gears varies from extremely 
high load at low speeds to a relatively light load at high speeds. 
There are two general types of duty curves which the motor 


follows. Fig. 3 shows a comparison of the characteristic curves 


TROLLEY -POWERED 


1 
\ INTERNAL -POWERED 


VE 


MILES PER HOUR 


TRACTIVE EFFORT 


Fic. 3 CHARACTERISTIC CURVES FOR INTERNAL-POWERED AND 
TROLLEY-PoWEREp Locomotives 
for internal-powered locomotives, and trolley locomotives. Be- 


cause of limited power the internal-powered locomotive develops 
maximum tractive effort only to a relatively low speed, and as the 
speed increases the tractive effort decreases, following a constant 
horsepower curve. The trolley locomotive, with much less of 
power limitation, can for a short period develop maximum trac- 
tive effort up to several times the speed of the internal-powered 
locomotive. 

Capacity. The gears must have enough capacity to run under 
adverse conditions of wear and lubrication without complete 
failure. A gear failure on a locomotive may tie up the whole 
system for several hours or may cause a complete motor failure 
due to overspeeding. 

Noise. Gear noise is relatively unimportant except in street 
cars or subways, since the noise of the wheels on the rails and 
other background noise tends to subordinate the gear noise. 
This situation will change as reductions are made in other noises. 
But with operators and passengers relatively far removed from 
the gears, noise will always be of less consequence on vehicles of 
this type than on applications where the operating personnel 
must be very close to the gears. 

Backlash. Railway gears are made to operate with backlash 
that may be considered excessive for some types of gears. It has 
been found from: experience that far less trouble is encountered 
with excessive backlash than with insufficient backlash, since 
involute-gear action is independent of backlash. 


TypicaL APPLICATION 


Fig. 4 shows a typical axle-hung railway motor. Fig. 5 is a 
sketch showing the load reactions of such a motor on an axle. 
The gear-center distance is held by the armature and axle suspen- 
sion bearings. The motor-armature pinion is carried overhung 
on the armature shaft. The gear-load reactions are taken by the 
axle suspension bearings and by the motor nose suspended from 
the truck. The locating thrust of the motor is taken by flanges 
on the axle suspension bearings. At maximum gear loads for the 
direction of rotation of the motor shown in Fig. 5, the reaction 
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Fie. 4 Typicau Axte-HunG Rattway Moror 


® DOWNWARD DIRECTION 

© UPWARD DIRECTION. 
1-MOTOR SUSPENSION REACTION. 
2-MOTOR WEIGHT. 
3-TANGENTIAL GEAR LOAD. 
4,5-REACTIONS ON AXLE BEARINGS. 


Fic. Sketcw or Rattway Motor SHow1na Loap REACTIONS ON 
Moror Parts 


on the axle bearing adjacent to the gear is down, whereas the re- 
action on the opposite bearing is up. This results in a misalign- 
ment of the gear mesh equal to the bearing clearance divided by 
the length between bearings. 

Gear cases are usually made in two halves with the split on « 
horizontal plane through the gear centers, to provide easy removal 
for maintenance and inspection. Considerable clearance is pro- 
vided in the gear-case fit around the axle to take care of axle- 
lining wear. Gaskets are not used at the joints. For these rea- 
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sons lubricants of very high viscosity must be used to keep leak- 
age to a minimum. 

In general it is necessary to have motors interchange on axles, 
although experience is dictating the need for keeping gears and 
pinions together. Some railroads are removing pinions when a 
motor is removed. The pinion is then wired to the axle until 
such time as a new motor is applied, when the proper pinion is 
mounted on the new motor shaft. Gears that are worn together 
maintain conjugate tooth action, but a pinion worn with one 
gear and mated with another will generally have excessively 
rough tooth action, which may cause loose armature punchings, 
insulation failures, broken shafts, failed bearings, and actual gear 
failures. 

TypicaL FarLures 

There are five general types of failures encountered on railway- 
type gearing. 

Tooth Breakage. Tooth breakage is usually caused by fatigue 
and oecurs rather infrequently in railway applications. Fig. 6 


Ficg.6 Fatigue on Rattway-Mortor Pinion 


shows a typical breakage failure. It should be noted that the 
start of the fatigue crack is usually located some distance in from 
the more heavily loaded end of the tooth. This may be due to a 
tendency to shift the load inboard because of local deflections at 
the end of the tooth. Such a failure necessitates replacement of 
the broken element, and generally also of the mating member 
since it is common for a tooth to get caught in the mesh when it 
breaks out. It is also possible for the armature shaft to be bent 
when such a failure occurs. 

Pitting. Pitting of gearing is a rather common failure caused 
by too high a compressive stress for the material used (1, 3, 4).* 
It is thought that pitting failures are caused by high subsurface 
shear stresses, which cause fatigue cracks to form and progress to 
the tooth surface. It is also thought that the lubricant enters 
these cracks under high pressifre as the tooth undergoes load and 
causes the crack to progress still further. Finally a small piece 
.of the material breaks out, leaving a craterlike cavity. Quite 
generally these pits occur near or slightly below the pitch line. 


* Numbers in parentheses refer to the Bibliography at the end of 
she paper. 


In many cases pitting shows up early in the life of a set of gears. 
Fig. 7 shows pitting on a railway pinion of about 450 Bhn, 
which has been operated on test at a load exceeding its design 
limit. A certain amount of pitting does not necessarily 
mean that gearing must be removed from service, as it is not 
uncommon for very heavily loaded gears to pit when new, and for 
the pitting to stop as the gears wear to more nearly full-face con- 
tact. 

Spalling. Spalling is a type of failure (sometimes termed shell- 
ing or flaking) wherein large pieces of the tooth surface may come 
out almost anywhere on the profile from the root to the tip of the 
tooth. Fig. 8 shows aspalled motor pinion. This type of failure 
is generally attributed to improper material, heat-treatment, or 
processing. Such a failure is far more serious than pitting, be- 
cause a considerably higher percentage of the surface is removed. 


Fie. 7 Prrrinc or TootH Surrace Dve to Excessive Loap 


Fie. 8 or Toots SurFrace 


Scuffing. Scuffing is caused by metal-to-metal contact be- 
tween a mating gear and pinion, due either to improper lubricant 
or to improper lubrication. This phenomenon has been well 
described in the literature (5). In most railway-gear applica- 
tions, scuffing is due to lack of lubrication and not to excessive 
loads or speeds. In some instances, gears that are very heavily 
loaded at high speeds will scuff even with the proper amount of 
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Fie. 9 Scurrinc CausED BY IMPROPER LUBRICATION 


Fie. 10 ExcesstvE WrArR CAUSED BY INSUFFICIENT LUBRICATION 


lubricant, and in such cases extreme-pressure lubricants are 
indicated. Fig. 9 shows a gear in the early stages of scuffing. 
It should be noted that the scuffing takes place only where sliding 
occurs. There is no evidence of scuffing near the pitch line, 
since in this region little or no sliding takes place. This view 
also shows fine pitting of a different nature from that shown in 
Fig. 7. This difference is thought to be due to difference in 
materials. ; 

Wear. Excessive wear may be caused by insufficient or im- 
proper lubrication. Fig. 10 shows what may happen when gears 
are run without lubricant. Another cause for excessive wear is 
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abrasive material in the lubricant, which acts as a lapping com- 
pound and can cause a great amount of wear. Such wear is 
characterized by a lapped appearance varying from a highly 
polished to a deeply scratched surface, depending on the size of 
foreign particles in the lubricant. The scratches are radial from 
root to tip on the profile. 

Experience has shown that where it is possible to provide oil- 
tight gear cases which will retain lubricants of reasonable vis- 
cosity, and which will keep foreign material out of the lubricant, 
gear wear is negligible. 

Type or GearING Usep 

Spur gears are used in the majority of railway applications be- 
cause (a) they create no end thrust; (b) they are simple in design 
and easy to manufacture; (c) they are interchangeable; (d) they 
are not critical with respect to center distances; (¢) they have 
good efficiency. 

Other types of gearing such as helical, spiral-bevel, and hypoid 
are used on special applications where noise, geometry, or other 
considerations dictate their use. 

Axle-hung railway motors usually have antifriction armature 
bearings, but sleeve-type axle suspension bearings. The axle 
bearings may operate with relatively large diametral clearance, 
therefore it is important that the gears used be able to accommo- 
date themselves to the spread in centers which occurs with wear. 


DESIGN 


MaJsor CONSIDERATIONS 


The major considerations in the design of railway gears are as 
follows: 


1 Tooth strength in bending. 
Tooth surface durability. 

3 Tooth proportions. 

4 Number of teeth in action. 


bo 


By far the most important of these is tooth strength. A 
failure due to tooth breakage may seriously damage the motor 
or break the mating gear member. Even if no damage results, 
expensive equipment must be taken out of service to make re- 
pairs. Adequate strength for wear must be provided, but ex- 
cessive wear is not as serious as tooth breakage because replace- 
ments can usually be made before complete failure occurs. 

Since the traction-motor size and weight are so closely depend- 
ent on gear ratio, there is always the incentive to get as much 
gear reduction as possible on new designs. This applies especially 
to high-tractive-effort, slow-speed, switching locomotives. The 
gear diameter is determined by the wheel diameter and the 
clearance to be provided between the gear case and the rail; 
therefore the pinion must be reduced in size if higher reductions 
are to be obtained. . 

It has been shown, Fig. 3, that the maximum load on the gear- 
ing occurs at the lowest speed on the characteristic curve. The 
pitch-line velocity at this point may be from 200 fpm on internal- 
powered switching locomotives to 2000 fpm on trolley loco- 
motives. In the case of internal-powered locomotives, on 
maximum reduction the pitch-line speed is so low as to make 
dynamic loading negligible; therefore static-stress calculations 
are used directly. In the case of locomotives where greater 
pitch-line speeds are used, the calculations are also made on a 
static-stress basis, but the valués of allowable stress are de- 
creased, based on service and test data to allow for increased 
dynamic loading. 

For all stress calculations it will be assumed that the load is 
uniformly distributed along the face of the tooth. It is realized 
that this condition cannot be obtained in practice, because of 
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slight misalignment due to machining errors, bearing wear, and 
deflection of loaded parts, including the shaft, bearings, pinion, 
and gear teeth. Therefore, in using the equations of elasticity to 
calculate stresses, it will be recognized that the assumption of 
uniform distribution of load is not valid. However, this need not 
detract seriously from the value of the calculations as long as 
conventional design proportions, for which service data are 
available, are used. 


BENDING STRESS 


It has been found satisfactory to use the Lewis formula 
(Appendix 2) for the caleulation of bending stress. This is more 
conservative than methods which involve the number of teeth in 
action, or methods which are based on applying the load at the 
highest point on the tooth at which one tooth carries all of the 
load. However, in a field of service where interchanging of gears 
and pinions is freely practiced, with the probable result that worn 
(nonconjugate) profiles will be run together and where operation 
under adverse conditions occurs frequently, conservatism must be 
practiced. 

It is usually desirable to provide 10 to 15 per cent greater 
strength in the pinion tooth than in the gear tooth, because of the 
greater number of revolutions of the pinion with attendant 
greater wear. 

The problem of obtaining sufficient strength in the pinion tooth 
tends to limit the design, because strengthening the tooth re- 
quires coarsening the pitch, which works to the detriment of good 
tooth action. Stubbing the teeth has the same effect, though in 
some cases it may be preferable to using a coarser pitch. 

In using the Lewis equation for bending, it has been found con- 
venient to express the tooth form factor y, in the form 


where A’ and B’ are arbitrary constants. As is shown in Appen- 
dix 2, this equation may be combined with the Lewis equation 


w 
pFy 
to give the equation 
S, P\(AN + B) [3] 


where P; is the pounds per inch of face per inch of pinion pitch 
diameter.‘ 

For three systems of gearing examined by this method, it de- 
veloped that the constants A and B could be made integral num- 
bers and still have the expression accurate within a few per cent 
for numbers of teeth between 15 and 35. This satisfactorily 
covers the range of pinion-tooth numbers normally used. It is 
not necessary that this expression apply to the gear, since the 
gear-tooth strength is not limiting. 

Equation [3] is convenient for calculating bending stresses 
because it eliminates the necessity for consulting a table of y 
factors. Also it utilizes the independent variable P; as it is used 
later in the compressive-stress equation. If the value of P, is 
substituted in Equation [3], together with the value of per- 
missible bending stress, the minimum number of teeth for satis- 
factory strength may be calculated. If this number turns out to 
be prohibitively low, an increase in pinion volume will be required, 
as will be evident from reference to Equation [6]. 

It will be noted that the foregoing relations do not take stress 


4 This method applied to the 20-deg full-depth system, for which y 
factors are given in reference (1), leads to the equation S, = Pi(2N + 
22). This equation has an error of less than 2 per cent between 15 
and 35 teeth. 
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concentration due to tooth-fillet radii into account. Since prac- 
tically all of the gearing used on railway motors has continuous- 
radius fillets, in which the ratio of fillet size to tooth size is 
approximately a constant, it is assumed that the stress-concen- 
tration factor is the same for all teeth. 

It is recognized that any method of calculation of tooth bend- 
ing stress is approximate unless sufficient test data are available 
to permit the development of empirical relations for correlating 
bending stress with fatigue life. Such data are obtained from 
testing machines and actual service. 


COMPRESSIVE STRESS 


The load is transmitted from pinion to gear through a rela- 
tively narrow contact band formed by the elastic deformation of 
the contacting surfaces. The compressive stress at the contact- 
ing surfaces depends on the unit load, the radii of curvature of 
the surfaces, and the modulus of elasticity. It has been shown 
that the compressive stress is the criterion for pitting of gear 
teeth and rollers. The compressive stress also influences the 
rate of wear of gear teeth when they are loaded below the pitting 
limit. The equations for calculating the compressive stress be- 
tween curved surfaces are well known (2). The equation for 
cylindrical surfaces in contact is easily modified to give the 
following equation for surface-contact stress at the pitch line of 
steel gears and pinions® 


+ 1/R) 


S, = 3240 [4] 
sin @ cos @ 
For 20-deg pressure-angle gearing, this reduces to 
S, = 5710 VP\(1 + 1/R)..... [5 


Equation [4] shows that the effect of increasing the pressure 
angle is to lower the compressive stress. It also shows that the 
compressive stress is independent of the number of teeth for a 
given diameter and ratio. The criterion for severity of loading is 
the variable P;, the pounds per inch of face, per inch of pinion- 
pitch diameter. It has already been shown that this variable can 
conveniently be used to calculate bending stress. 

To facilitate the calculation of compressive stress, the curves 
shown in Fig. 11 are used. These curves show the compressive 
stress as a function of the unit loading P,, for the various gear 
ratios and pressure angles. They serve equally well for caleu- 
lating the stress on existing gear sets or for designing new gear 
sets. 

By combining the tangential-load equation W = 2M/d, with 
P, = W/d,F, the relationship 

2M 

is obtained. This equation shows that the pinion volume is pro- 
portional to the torque and inversely proportional to P;. The 
value of P; may be established by choosing the value of com~ 
pressive stress and referring to the curves of Fig. 11. The same 
result may be obtained by combining Equations [4] and [6] to 
give 

2M (1 + 1/R) 


[7] 
) sin cos @ 


This relationship shows that the volume of the pinion-pitch 
cylinder is inversely proportional to the square of the compressive 
stress. Where weight and space are important the use of high 
compressive stresses is therefore necessary. 


= 


5 For internal gears the 1/R term has a minus sign. 
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SURFACE CONTACT STRESS ON GEARS AND CYLINDRICAL ROLLERS. PLOTTED 
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Fie. 11 Curves Compressive Stress 


| The magnitude of the compressive stress which will 


T 
| give satisfactory life may be judged by the designer i 
| from experience. Data from various tests are also 4 
- available. Data from the tests of Way (3), and Nie- q 
| << mann (4) and also the data given by Buckingham (1) 4 
. & 7") | are plotted in Fig. 12. These curves show that the a 
q , endurance limit of steel in surface compression is ap- 
rer. (4 | 3.) Since the tensile strength is about 500 times the 
E Vat ll OE a Brinell hardness number, the endurance limit for sur- 
5 BA | face compression is roughly 80 per cent of the tensile 
100 REF. (1) strength. 
f SREF. (3) The applicability of roll-test data to gear design may 
9 so | be questioned but it has been the authors’ experience 
* = BRINELL HARDNESS that gears will operate successfully at stresses approach- 
ad | | | ing the value of 400 times the Brinell hardness. This 


experience covers quite a wide variety of designs, includ- 


Fig. 12 Surrace Enpurance Limit ror STEEL ing different types of materials, heat-treatments, and 
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manufacturing methods, together with various designs of gear 
elements and mountings. Just how close to this value the gears 
may be stressed depends on (a) how much dynamic load will be 
superimposed on the static load (a function of the pitch-line speed, 
the mass and stiffness of the connected parts, and the errors in 
various parts, particularly the gears); (b) how well the load will 
be distributed ever the tooth length; (c) the life expected in the 
gearing, (d) other factors such as surface finish, ete. 

Fig. 13 has been plotted from Equations [7] and [8] to show 
the relationship between pinion-torque capacity per unit volume 
and material hardness. 
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Fig. 13 RevatTion oF Pinton-Torque Capacity To MATERIAL 
HARDNESS 


The ratio of bending stress to tensile strength tends to be higher 
for hard materials than for soft materials, assuming that in each 
case the material is loaded to its compressive-stress endurance 
limit. This is illustrated in Table 1. This table shows that as 
advantage is taken of harder materials for carrying higher loads, 
bending failures are more likely to occur than pitting failures. 


TABLE 1 15-TOOTH, 2'/: DIAMETRAL-PITCH PINION, 76/15 
RATIO, 20-DEG-PRESSURE-ANGLE FULL-DEPTH INVOLUTE 


Approximate tensile strength, psi.............. 150000 300000 
Ratio (Sp/ultimate strength).................. 0.153 0.306 


PROPORTIONS 


There are many different systems of spur gearing in use, in- 
volving different pressure angles and tooth proportions. Fig. 14 
shows a comparison between four different designs of the same 
ratio. The 14'/.-deg and 20-deg-pressure-angle designs with 
standard proportions are well known. The 20-deg and 25-deg 
long- and short-addendum designs are growing in popularity. 

Gearing of higher pressure angles operates at lower compressive 
stress for the same unit loading. The relative magnitudes of 
compressive stress at the pitch line on 14!/.-deg, 20-deg, and 25- 
deg pressure-angle gearing are 100 per cent, 87 per cent, and 79.5 
per cent, respectively. Also the higher-pressure-angle systems 
have teeth of superior strength in bending. 

When the number of teeth in the pinion is small it may be 
necessary to undercut the tooth to provide clearance for the tip of 
the gear tooth as it goes through action. For full-depth involute 
systems, this occurs when the number of teeth is 32 or less on 
14'/,-deg pressure angle, and 18 or less on 20-deg pressure angle. 

Fig. 14 shows the amount of undercut present in each design. 
There is no undercut present in the 20-deg and 25-deg long- and 
short-addendum designs. Undercutting weakens the tooth and. 
decreases the number of teeth in action. It will be noted that 
the 14'/,-deg design is so badly undercut as to make it undesirable 
for use on power-transmission systems, because there are only 
1.049 teeth in action. This does not provide sufficient overlap in 
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(a) 
145°B&S FULL DEPTH 
Na =1.049 


RADIUS TO TOP 
| OF UNDERCUT 


(b) 
20° FULL DEPTH 


Na =1539 


(c) 
20° LONG & SHORT 
ADDENDUM 


Na 71554 


(d) 
_———__ 25" LONG & SHORT 
ADDENDUM 


N,g=1.375 


BASE 
CIRCLE 


Fie. 14 Gear-TootH Action; COMPARISON OF INVOLUTE-TOOTH 
Forms 
(Ratio 76/15. Duration of contact points A to B.) 


tooth action between adjacent teeth to transmit the load 
smoothly. 

Since there is frequent use of pinions of as few as 15 teeth in 
railway-motor design, it is not desirable to use a design of gearing 
in which the pinion must be undercut. It has been found advan- 
tageous to use 20-deg-pressure-angle long- and short-addendum 
gearing. The combination most often used is one in which the 
pinion addendum is approximately 35 per cent longer, and the 
addendum of the gear 35 per cent shorter than the standard pro- 
portions of 1/DP. When these addenda are used, the pinion 
tooth is made thicker than standard to balance the strength be- 
tween the gear and the pinion. 

Fig. 15 shows a 20-deg-pressure-angle tooth laid out to these 
proportions, together with some other tooth designs for compari- 
son. The heavy lines on the tooth surfaces show the portions of 


Fig. 15 Comparison or Tooto Proportions 


the profiles on which full load is taken by one tooth. The per- 
centage figures represent comparative bending stresses for equal 
loading. The dots on the tooth surfaces marked “L” are located 
at the lowest points of contact. The 25-deg tooth has the same 
width of top land as the 20-deg long-addendum tooth. Both are 
proportioned so that the pinions and their mating gears may be 
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cut with the same hob. This results in slightly less addendum on 
the 25-deg tooth design. 

The principal advantages of the 20-deg and 25-deg long- 
addendum designs are as follows: 


1 There is no undercutting of the tooth, even on a 15-tooth 
pinion. 

2 Greater tooth strength is provided. 

3 The root diameter is larger. This permits the use of a 
larger shaft for the same metal section between tooth root and 
bore, or a thicker metal section for the same shaft size. The 25- 
deg tooth has the disadvantage that the number of teeth in action 
is relatively low, Fig. 14. 


The design of the root fillet radius was never given serious at- 
tention until it was discovered that the fatigue life in bending was 
greatly influenced by the stress concentration at the fillet. The 
development of the continuous-radius fillet began about 1930. 
It is now widely used for all heavily loaded gearing where tooth 
breakage isa problem. The continuous-radius fillet is formed by 
a cutting tool having a round-nosed tip. When the tool is used to 
cut the particular number of teeth for which it was designed, the 
fillet radius will be a portion of the are of a circle, tangent to the 
tooth profile at a point just below the lowest point of contact 
When a different number of teeth is cut, the fillet radius is a com- 
pound radius still tangent to the profile. In the case of form- 
ground teeth the fillet radius may always be an are of a single 
radius. 

The continuous-radius-fillet design reduces the stress-concen- 
tration factor in bending to a minimum, because it gives the 
maximum fillet radius possible for a given design. 


NuMBER OF TEETH IN ACTION 


The tooth proportions normally used result in a number of 
teeth in action between 1 ant 2. There is usually no attempt to 
obtain a minimum of two teeth in action. 

During the first phase of contact on a particular tooth, two 
teeth work together to carry the load. In the next phase, one 
tooth carries the load alone, and in the final phase two teeth 
share the load. The average number of teeth in contact varies 
from 1.5 to 1.7 for most designs. This number may be permitted 
to go considerably lower, possibly to 1.35, without disturbing 
seriously the smoothness of action. However, the calculation of 
compressive stress at the pitch line only may not be adequate for 
such a case, because, at the beginning of the period when the total 
load is carried by one tooth, contact will take place considerably 
below the pitch line where the radius of curvature of the pinion- 
tooth profile is appreciably less than at the pitch line, with 
correspondingly higher compressive stress. This is illustrated 
in Fig. 15. A comparison of the 20-deg long- and short-adden- 
dum design with the 20-deg full-depth design shows that the 
former has an advantage in this respect. 

Figs. 14 (c) and (d) show that contact between the pinion and 
the gear begins at point A, where the outside diameter of the gear 
intersects the line of action (pinion driving). Contact ends at 
point B, where the outside diameter of the pinion cuts the line of 
action. At any instant the number of teeth in action is an in- 
tegral number, usually 1 or 2. The average number of teeth in 
action is found by dividing the length of the line of action AB by 
the base pitch. The base pitch is the distance between adjacent 


teeth measured along the line of action and is equal to pp °° ¢. 


It will be noted that contact does not begin as described in the 
preceding paragraph for the designs in Fig. 14 (a) and (»), because 
the pinion teeth are undercut to obtain clearance for the tip of 
the gear tooth. Contact begins at the intersection of the line of 
action with the circle formed by the radius to the top of the 
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undercut. It will be noted in Fig. 14 (b), that even a very slight 
undercut shortens the line of action considerably. 

The calculation of the number of teeth in action is facilitated 
by the use of the chart, Fig. 16. 

This chart also shows a method for calculating some other 
items of interest in design. While this chart is marked for use 
only when the gears being studied are to be operated on theo- 
retical centers, it may be used for nonstandard centers provided 
that the operating addenda, pitch radii, and pressure angles are 
used. 
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Appendix 1 


Gear-TootH ACTION 


The transfer of power from one involute gear to another may be 
compared to the action of a crossed belt, Fig. 17. Since the base 
circles bear the same relation in diameter to each other as do the 
pitch circles, there will be rolling contact at the pitch point (pro- 
vided there is no belt slippage) just as in mating involute gears. 
The “line of action”’ will be represented by the tight or driving 
side of the belt. 

The tooth profile is generated in a manner geometrically 
equivalent to tracing a line with a pencil attached to a string as 
it is unwound from the base circle, as shown in Fig. 18. The 
string is analogous to the line of action of Fig. 17. It is evident 
that the involute curve is everywhere normal to the string used 
for its construction. Likewise, in involute gears the tooth pro- 
files are always normal to the line of action. 

Rolling contact exists in involute gears only at the pitch point. 
On either side of this point the tooth surfaces slide relative to 
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each other, the sliding increasing in magnitude with increasing 
distance from the pitch point. For the 20-deg long- and short- 
addendum design, maximum sliding velocity occurs at the tip of 
the pinion tooth. Specific sliding is defined as the ratio of the 
sliding velocity to the pitch-line velocity. Fig. 16 shows a 
method of calculating the specific sliding at the tooth tips. 


Appendix 2 


The value of the tooth form factor y may be expressed as 


aN 
where A’ and B’ are arbitrary constants. 
This expression for y is substituted in the Lewis equation 
Ww W(A'N + B’ 


S, = togive S, = 
b pFy og pFN 
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Since the circular pitch 


= — 
P= Dp [11] 
then 
N = —— (N) = wd [12] 
Substituting this in Equation [10] 
(A'N + B’) —] (AN + B) (13; 
ed, 
By definition 
Ww 
i [14] 
therefore 
S, = P,(AN + B)............. [18] 
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Local Stress Distribution in 


Cylindrical Shells 


By LEON BESKIN,' DOWNEY, CALIF. 


The stress distribution in cylindrical shells with light 
frames is very different from the conventional beam dis- 
tribution in the neighborhood of the applied loads. The 
problem is examined hereafter for circular cylinders with 
circular frames of constant section. The case of an in- 
definite shell with one loaded frame is examined in detail, 
and diagrams are given for the following unit conditions: 
Concentrated radial force, tangential force, couple. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A,a = total frame-section area and equivalent area for 
shear 
B, bk = applied local couple and coefficient of trigono- 
metric development (in a frame) 
( = structure constant (Equations [34]) 


1 
D = rigidity factor (Equation [30]): ——- = 
Di, 


e = eccentricity 
E,G = moduli of the material 
F = axial force in frame 
h = effective thickness of skin (stringers included) 
H = load constant (Equations [35]) 
7 = moment of inertia of frame 
j = reference number of frame 
k = reference number of harmonic 
K = constants (Table 3) 
L = distance between frames 
M = moment in frame 
M,, M,, M, = external moments on structure 
m,n = constants (Equation [39]) 
N = normal flow in beam 
P, p, = applied radial load and coefficient (in frame) 
Q,d. = applied shear flow (in frame) 
R = radius of shell 
S = shearing force in frame 
t = effective thickness in shear 
T = shear flow in beam 
V = load constant (Equations [31}) 
W = strain energy 
X, Y, Z = external loads on structure 
‘z,y, 2 = axes of reference (z along the axis of beam) 
a, 8 = constants (Table 1) 
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y, 6, 6’ = constants (Equations [38]): 6, = 
, 


Ir. = concentrated load (Equation [62]) 
constants (Equations [66]) 

= constant (Equation [40]}) 
constant (Equation [41 }) 
constant (Equation [26]) 


1 
™ - = wk. j 


= e/R 
constant (Equation [38]) 
= constant (Equation [26]) 


ows 


¥ = constant (Equation [37]}) 
= constant (Equation [26]) 


k? 
o=— — 1) > Oh = 
p = constant (Equation [47 ]}) 
6 = angle (Fig. 2) 
2 = constant (Equation [19]) 
Lj+1 L; 


INTRODUCTION 


It is well known that the actual stress distribution in beams 
constituted by a thin skin with light frames is very different from 
the distribution given by the conventional beam theory. Es- 
pecially, when one frame only is loaded, the conventional meth- 
ods lead to excessive bending moments in the loaded frame, and 
zero bending in the adjacent frames. Actually, the total moment 
calculated by conventional methods is distributed between the 
loaded frame and the adjacent frames, and the shear distribution 
in the beam near the loaded frame does not coincide with the 
conventional distribution. However, the conventional distribu- 
tion is reached at some distance from the loaded frame, and this 
distance defines the region in which all the frames are subjected 
to bending. 

The object of this paper is the analysis of the stress in the 
neighborhood of a load acting on a thin circular beam with light 
frames. The analysis applies to circular beams with a skin of 
uniform thickness and equally spaced equal stiffeners, and with 
frames of constant section. 

The method of analysis applied in this paper has been used 
under restrictive conditions by N. J. Hoff,? this author having 
neglected the influence of the eccentricity of the frames and of 
the axial and shearing deformations. In the case of light frames 
and concentrated loads, the two first factors given cannot be 
neglected, and the diagrams which follow show that their con- 


2 “Stresses in a Reinforced Monocoque Cylinder Under Concen- 
trated Symmetric Transverse Loads,”’ by N. J. Hoff, JourNau or 
Appiiep Mecuanics, Trans. A.S.M.E., vol. 66, 1944, p. A-235. 
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sideration may lead to double the moments obtained by the ap- 
proximate theory. 

These results apply only for light frames, because cylindrical 
shells with a circular section and a skin of constant thickness do 
not warp under the action of a shear distributed according to the 
beam theory. Thus, if the frames do not deflect under the ap- 
plied loads, the deflected sections of the beam remain plane under 
the action of the shear strain, and the conventional beam distri- 
bution can be applied. The lateral extension due to Poisson’s 
ratio effect is neglected hereafter, because the corresponding skin 
deformations are incompatible with the frame deformation. This 
effect is negligible in the case of a thin skin, a narrow strip of 
which follows the frame deformations without appreciably modi- 
fying the general equilibrium. This strip must be included in 
the frame section properties. It is assumed that only the frames 
have a bending rigidity, and that the stiffeners are submitted to 
axial loads only. 

The general method is developed in part 1. Trigonometric 
developments are used to represent stresses, loads, and deflec- 
tions. Each harmonie corresponds to a problem which is the 
mathematical analogue of the problem of a beam with elastic 
supports which coincide with the frames of the actual beam. In 
part 2, the general method is applied to the determination of the 
stress distribution in a loaded frame of an indefinite shell, in the 
two cases, intermediate frame, end frame. Diagrams are given 
for three unit loadings of an intermediate frame (concentrated 
loads): (1) Radial force; (2) tangential force; (3) couple (axis 
parallel to the center line). 


PART 1 GENERAL METHOD OF ANALYSIS 


EQUILIBRIUM OF SHELL 


All the applied loads are concentrated at the frames, so that 
there is no hoop tension, and the state of stress is defined by the 


following: 
N = normal stress flow in skin in direction of generators 
T = shear flow in skin in direction of generators and perpen- 


dicular direction 


Because there are no surface loads, the shear flow 7 is constant 
along a generator between two consecutive frames. 
The relation of equilibrium between N and T is 


oN 1 1] 
Frames, 
§ 

Li 
Fie. 1 


in which (Fig. 1) 


n 
| 


distance along center line of shell 
angle defining point of circumference and radius of 
shell 


R 


Since T is a function of 6 only, N is a linear function of the ab- 
scissa x between two consecutive frames. 
Let 


L; = distance between consecutive frames numbered 
j 1,j 
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N;(@) = value of N along frame j 
value of in span j 


In a span j, by application of Equation [1], it is found 


ll 


oN R 
T = 7;(0) = Rdo = — J — [2] 


N,(@) can be represented by a trigonometric series 


N;(0) = No, ; + Ni, ; cos + Ni. ; sin@ + Ny, cos ké + 
N,,,; sin ke +... [3] 


By substitution of Expression [3] in Equation [2], it is found 


R 
k — Ni.i-1) cos kd 


T,(0) = Tes + — 
i 0? L, 


The terms No, ; disappear from Equation [4] because they 
have the same value at both ends of each span, since they corre- 
spond to a constant axial load, 


EQUILIBRIUM OF FRAMES 


Let (Fig. 2) 

M,(@); S,(0); F,(@) = bending moment, shearing force, axial 
force, respectively, in a frame num- 
bered j 

radial loads, tangential loads, distrib- 
uted couples, respectively, acting 
on a frame on a unit length of cir- 
cumference 


P;(9); Q;(0); B,(6) 


These loads are composed of external forces which are desig- 
nated by P*, Q*, B*, respectively, and of differences between 
shear flows 7’ acting on the two sides of a frame, which give tan- 
gential loads Q and couples B in the frames, due to the frame 
eccentricity. 

Term e; being the distance between the shell and the neutral 
line of the frame (eccentricity of the frame), the couples B due 
to the shears are equal to Qn,R, in which n,; = e;/R. 

The resulting loads on a frame due to the external loads and 
the differences of shear flows from the shell are developed in 
trigonometric series, in which, for simplicity, index 7 is omitted. 

Normal loads 


P = + pcos + py sin ko [5] 


Tangential loads 


Q=qt cos ko + sin k0......... [6] 


Couples 


B=R [ by cos ko + >, by sin [7] 
k 


; 
ee 
3 
4 
4 
4 
4 
Ps 
4 
6, a = i 
q 
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The external loads are represented by expressions similar to 
Equations [5], [6], [7], in which all quantities are starred (P*, 
... b,*). Their resultants are 


X = rR(p,* — n*); M, = rRNj; 
Y = +q*); My, = 
Z = M, = 2aR(bo* — qo*) 


) 

The constant term po* represents a uniform pressure on a 
frame and is disregarded, sincé it produces a simple hoop load 
in the frame. The coefficients p, q, b, N, which do not appear in 
Equations [8], can be considered as ‘perturbations,’ while the 
terms which appear in Equations [8] represent the conventional 
beam distributions. 

Terms qo*, b)* correspond to an applied torque, and the condi- 
tion of equilibrium is 


- 


These terms do not cause any bending or axial load in the 
frame, and the shearing force in the frame is constant 


Terms No, Ni, N, are distributed according to the beam theory 
and do not produce any stress in the frames. 

Terms p,*, q:*, pi*, qr*, correspond to a transversal resultant 
passing through the center of the frame. The corresponding con- 
ditions of equilibrium are 


=0............. (11] 


Replacing by and by 
be represented by the expressions 


M © k 
— = (b, cos 0 sin 0) + Pr q cos kd 
K=2 \ 


qm, the quantities 7, S, F, ean 


2 k? - k 
k? l k 
S kpe + 4% 
R = —Q - sin ké ke cos ka |... [13] 


= (q, cos ka — sin ké) cos ké 


| 


These expressions satisfy the equations of equilibrium of the 
frame 


dM as dF 
3—RS =0; — F =0; —+RQ+S8 =0 
+ RE RS = 0; + RI F +RQ+ 


They also satisfy the conditions of compatibility of deformation; 
this can be verified in a straightforward manner by application of 
methods of strain energy to the terms corresponding to k greater 
than 1 and to the terms bi, bi, go. The application of strain- 
energy methods to the terms qi, g@: leads to a modification of 
Equations [12], [13], [14], but this conclusion is incorrect, be- 
cause of an inconsistency of the conventional formulas for rings, 
which can be shown as follows: 

The radius of a segment of a ring does not change under the 
action of an axial force, but the angle of the segment is modified. 
Under the action of forces of the type q cos @, the total angle for 
the ring does not change, which shows that no bending is required 
to close the ring and that the foregoing solution is correct. The 


coefficients qi, @: being defined by Equations [11] are disregarded 
hereafter. 


CONDITION OF DEFORMATION 


Deformations are examined hereafter by strain-energy meth- 
ods. The strain energy of the structure is decomposed as fol- 
lows, (even terms only are written, which correspond to cos ké 
for normal stresses, normal forces and couples, and to sin k@ for 
shears) : 

(a) Azial Stresses in Shell Between Two Frames, j — 1, j. 
Integration of [N(@) ]?d@, with 


N(6) = = cos ko + 2— cos ke. . [16] 
i L, 


leads to an expression of the strain energy in the form of a sum of 
factors Wy.x.; 


3Eh, 


= + + Neg Nej-i) [17] 
h is the effective skin thickness, which includes the correction for 
buckling and for the stringers (which are replaced by an equiva- 
lent skin). 

(b) Shearing Stresses in Shell Between Two Frames, j —1, j. 
Integration of [7'(@) |?dé@ leads to an expression of the strain energy 
in the form of a sum of factors Wy, ,, ; 


= 
jk? 


in which ¢; is the skin gage to be used for shear. 
(c) Stresses in a Frame j. The forces applied to a loaded 
frame are the external loads, defined by p,*, q,*, b,*, and the ee- 
centric shear flows in the shell. A term q,;,, due to shear flow is 

RQ,,i — Ne; 


Ni.j-1 — 
; with; = 


Qk. j 


Q,.; represents the change of slope of the N, ; diagram at the 
frame j. The couple corresponding to 4,,; is 


92.4 = 
Thus, the quantities p, g, 6 are defined as follows: 
Frame submitted to external loads 


R Rn; 


Redistributing frame 


R Rn; 


The quantities which appear in the expressions of M, S, F (Equa- 
tions [12], [13], [14]) can be grouped as follows (because of dif- 
ference of signs, both odd and even terms are written) 


M = M,,; cos ko + sin ko ) 
S = S,,; sin ka + >. [22] 
F= F,,; cos + F,, ; sin 


with the relations 


R*| — 


.. [23] 


/ 


; 
| 

a 
| 
| > ; 
Ve dk. 
+ ain KO (14) 
k?— 1 
| 

i 
= 
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k 
[24] 
2 . [25] 
In these expressions, the following notations are used 
R3 1 R? 
R? } .. (26) 
R*| kp,.;* — * |, 
R? i = * 
m= =| 1 
i 
* 
[27] 
%*=R kpej” + | 
k?—1 
* Pej 
k 
F,.;° = —R 
/ 
Quantities M,, ; F are the coefficients of moment, 


shear, axial force of the developments of conventional solutions 
in trigonometric series. 

Integration of M?, S?, F? along a circle of radius (1 — »)R and 
division by the corresponding section constants gives the strain 
energy ina frame. The section constants are 


J; = moment of inertia of frame 
A; = section area of frame 
section area of frame resisting to shear 


a; 


The strain energy on a frame is thus expressed as a sum of 
terms We, ;,; (only even terms are indicated) 


1 
+ EA, [Fang — + Ga. — 0... [28] 


Omitting terms which do not contain the redundant unknowns 
N,,;, Equation [28] can be written as follows 


rk 
= ED,, [(Qp, 4)? — [29] 
In these expressions 
Dis R? | 1, + + {30} 
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(l1— + + | ) 


R? A, Ga; 
Vos R? I, A; 


+ Ga; / 


Adding all the terms corresponding to a given value of the coef- 


ficient k, an even term W, of the strain energy of the total struc- 
ture is 


2W L 
R2 
=—— (Ny; — 
+ R? ES Nx. Ni, i-1 — 
ED,, ; L; | 
R? Ni Ni. Ni Nt | 


The problem is thus reduced to the determination of groups of 
coefficients Ny, ; (or Ny, ;) corresponding to a given value of k. 


So.LuTion oF STaTICALLY INDETERMINATE PROBLEM 
Differentiation of Equation [32] in respect to each unknown 
Ny, ; (or Nj, ;) leads to equations of the type 


Ne + + Ney [33] 


in which 


Rk? R? 


R? 1 1 
Dx. 9-1 Lj \Li-1 L; 
ER? R? 
see = 


L; Dx. Lj+ Lij+e 
L,; ER? 1 
Ch, + + 


R? (1 R? 


and 


1 1 Ve. i 


When, in Equation [33], Ne. ; is replaced by Nz. ;, coefficients 
Cx, ; remain unchanged, while Hz, ; is replaced by 


Hy, ; Vi. (3 + + Liss + Di; [ 
Equation [33] can be applied to all the intermediate frames of a 


shell. It must be modified for the frames next to an end frame. 
The end frame corresponding toj = 0, the terms containing 1» 


4 

: 

xy 

& 

| 

| qi 
4, 
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must be omitted. If the frame 7 = 0 corresponds to a free end, 
Equation [33] does not apply to it, and the constants Nx, 9 are 
defined in terms of the applied longitudinal end loads. 

In the special case of constant section properties (equal dis- 
tances between frames, constant cross section, equal frames), 
Equations [33] can be written in the simplified form 


i-2 + Ni.j+2— (2&, + 4)(Nx. i-1 + Nx, i+i) + (Ye 2)N x. 


= + Ve. — 2V = BPI 
in which 
1 
& = 2 (5, — 5,'/6); ve = 4 + 26, + 26,'/3 
> .. [38] 
Gtk?’ AR? 


(quantities V,,, and D,,, are defined by Equations [31}). 
Equations [37] are equations of finite differences and can be 
solved by conventional methods. For instance, when a series 
of consecutive frames is not loaded, quantities V,,; and y,,; are 
equal to zero for a series of frames, and solutions of Equations 
[37] can be written in the form 


Nag = + + my’ + my" ... [39] 


in which n,’, n,”, m,’, m,” are defined by end conditions while 
+e,’ and + «,” are the four roots of the equation 


+ — (28, + 4) (ey + + ve +2 = 0.... [40] 


This equation is solved in two steps by introducing the un- 
known ), defined by 


Ay? — 28,4, + 5,’ = 0 [41] 


so that the equation in ¢, becomes 


When quantities ¢,’, ¢,” are defined, substitution of Equations [39] 
for N,,,; into the Equations [37] for which the second member is 
different from zero, or into the conditions of equilibrium at the 
end of the shell, leads to linear equations defining the constants 
n,’, n,”, m,',m,”. In the case of a small number of frames, it 
is advantageous to use Equations [37] directly; this corresponds 
to the method used by Hoff.? 

The solutions of Equations [37] can be of the types given in 
Table 1. 

For an indefinite shell, the solutions must tend toward zero 
toward the infinite end and are 


Case 1 


Cases 2, 3 


Ni; = n,'(€,/)? n,'(e,’)? 


The limit cases 4, 5 are not examined hereafter. 
The ratio 5,/5,’, equal to (EAR?) /(GtL*K*), defines the law of 
distribution of the quantities N,,;. For large values of this 


3“Mathematical Methods in Engineering,’’ by Th. von 
and M. A. Biot, McGraw-Hill Book Company, Inc., New York, 
N. Y., 1940, chapt. 11, sec. 2, and chapt. 10, sec. 2. 
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ratio, the curve representing N,,,; is aperiodic (case 3) or has a 
very long period (case 1). For small values of this ratio, the 
curve representing N,,; has a,short period. Some curves N, ; 
are represented in Fig. 3. 


Case / 


€, complex 


je 2 IS 6 


| 
N 
Case 5 
A 
€,>0 
|| 


Fie. 3 


Writing Equations [37] for the loaded frame and the adjacent 
frame, the end conditions which define N,’, N,” are defined as 
follows: Intermediate frame loaded in its plane 


Nx. + 2) — (4& + + 2Ne. 2 = —2Ve. o/L } 
Nx. (Ye + 3)— (2&, + 4) (Ne. + Ne. 2) + = 
[44] 


End frame loaded (in its plane and by end forces N,*) 


= N;* 


Ne. + 2) — (2& + 4)Ne + Neg = 0/L 


These formulas are applied in part 2 for various loading condi- 
tions. 


Loap REpDucTION IN Frame, Dus To SHELL Ricipity 
Equations [23], [24], [25] can be rewritten in the form 


Mi. o Qe. o 
me 
Hy, 0 
= (1 — pe. o) 
.. [46] 
An of = 1 — 
Sk. 0 ks 0 
Ar. 1 — = = 


TABLE 1 SOLUTIONS FOR EQUATION [37) 


Case 65k /5k’ Solutions 
3 =1 >1 Double positive (e,) “7s Ce) 


ae 

| 

2 
ase 
<0 

| 

1 
| 

iB 
| 
| 
4 
2 
0 4 
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In these equations 


Qe. 
Veo 
or 
— Nz. 1)L 
@ 1 — — (intermediate frame) | 
Vi. 
(N Me. 


Since terms such as Myx, 9 and Mx, o* represent the bending mo- 
ment due to the harmonic k, with and without skin effect, the 
coefficients px, o represent the relative “decrease” of the load 
due to the continuity of the skin. 

In redistributing frames, coefficients of the same type may be 
used to determine the relative “load’’ introduced in these frames 
by the continuity of the skin 


Qk. 7 


Vi. 0 | 


From Equations [44], it appears that ratios such as Nx, 9 L/ Vx, ° 
are independent of the loading and can be expressed as functions 
of the structure constants y,, & or 5;, 5,’. This result apphes to 
the quantities p, but not to the quantities A. Quantities NL/V 
and p are determined in part 2 for various values of 6,, 6,’. 
When the frame deformations due to shear and axial load are 
neglected, Ax, o” = 1 — px.o, and the frame load in the loaded 
frame is thus reduced in the ratio px. 9/1, as compared with the 
conventional solution. The factors px. 9 and px, ; show how the 
moments in the frames along a definite section defined by the 
value of 6 are distributed between the frames. When pk.» = 1; 
pk, ; = 0, there is no redistribution, and the conventional methods 
can be applied. The sum of all the factors px. 0, px. ; for all the 
frames is equal to 1, and the relative values of the factors p shows 
the trend of the distribution of bending between the frames. If 
exact values are required, it is necessary to use the coefficients A. 


PART2 FORMULAS FOR VARIOUS LOADING CONDITIONS 
GENERAL LOADING OF INTERMEDIATE FRAME OF INFINITE BEAM 


In the cases (1), (2), (3) of Table 1, Equations [44] are as fol- 
lows: 


Case (1) 
Qn,’ + 4) — sin 8, + —, sin 23, | | 
ay 


1 2 
E 2 + 4) — cos Br + cos 2a | 


ak 


1 1 
n,’ | + 3) sin 8, — (2&, + 4) sin 28, [50] 
k 


ay 
+ —, sin | 


ay 


1 
+ nm” | (n + 3) — cos B, — (2& + 4) 


1 1 Vi 
1 + — cos 28, } + — cos 38, | = — 
a, L 


Cases (2), (3) 
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[ye + 2— + + | 
ov, | 
+ + 2— (ke + + = — 
+ me" + — + 4) {1 + | 
| 
e 
Ve | 
e, )?| = — | 
+ = 


The values of Q. 9 are as follows: 
Case (1) 


— 
Cases (2), (3) 


[n,’(1 


4 


4+ n,"(1 - 


Qk, o = 


The values of Q, ; are as follows: 
Case (1) 


2 1 1 \ 
L(a,)! = + cos By sin By. J 


1 1 
+n,” cos By, 7) + ) sin B,(n,’ cos 
Oy 


— n,” sin i)| .. [54] 


Cases (2), (3) 


1 


L 
When € is nearly equal to 1, the previous equations do not give 

very accurate results and can be replaced by developments in 

series of powers, which are hereafter limited to the first terms 
Case (1) 


8, log a, = 


| 

log a, = yi + V3’); | 

| 


1 
9 (log.a,)*— = & 


[56] 
1 
8, = (— + V | 

| 

| 

4L log a, } 
3(log a,)? — B,2 2&, + 

Cases (2), (3) [— for Case (2), + for Case (3) ] 
loge’ = VF loge’ = | [58] 

4g, 


GENERAL LOADING oF END FRAME OF INFINITE BEAM 


Equations [44] can be applied to this case 


e 

4 
2 sin 8, cos 4 

9 

Wk, og sk, 0 

3 

4 
¢ 

L 

| 

: 

4 

| 

Gs 

4 i 
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Case (1) 


sin B, sin 28, — sin 38, 
(2&, + 4) (a,)? + ] 
[60] 

+n," | - (25, + 3) + + 2) — + 4) 


cos 28, 


cos 38, Vi 
(a,)? (a,)3 L 


Cases (2), (3) 


n,’ +n,” = N,* ) 
n,'[—(2& + 3) + + 2)e,’ — (2& + 4) (e,’)? | 
+ + m”[—(2& + 3) + + We,” .. [61] 


— (2& + 4)(&,”")? + (&,”)3] = | 


NUMERICAL TABLES 


Two independent dimensionless variables (4, and 6,’) define 
the properties of a circular shell with frames for a given harmonic 
k. These quantities are designated by 6, 6’. The other coef- 
ficients are given in Table 2 as functions of 6 and of 6/6’. 

Terms X’, X”, e’, e” are given in the case of real roots, and log 


a, 8, ~ , 8 deg are given in the case of complex roots. Ratios 
a 


such as p, Ln/V, LN/V are also calculated for the cases of load 
on an intermediate and an end frame. 

Diagram, Fig. 4, gives po for the case of an intermediate frame 
INFLUENCE OF FRAME ECCENTRICITY, AND OF AXIAL AND SHEAR- 
ING DEFLECTION OF FRAMES 

The quantity 6, is proportional to D,; in D,, the term contain- 
ing A is predominant for large values of k when there is no eccen- 
tricity. If there is an eccentricity, the terms containing 7 and 
A are predominant, which shows that great errors can be com- 
mitted when the eccentricity is neglected. This explains the 
importance of the eccentricity, noted in the introduction: Terms 
of bending (without eccentricity) and shear are of sixth degree 
in k, while terms of flexure (due to eccentricity) and axial load 
are of fourth degree. Thus, when the eccentricity and the axial 
deformation are neglected in a frame, the influence of the high 
harmonics is underestimated, which leads to erroneous results, 
especially in the case of concentrated loads. On the contrary, 
no important error is made when the shear term is neglected, 
since it is of sixth order and normally of small importance for the 
first harmonies, at least for flexible frarnes. The relative influ- 
ence of the eccentricity and of the axial deformation can be 
easily determined in a frame constituted by two flanges 


I = Ae? = AR*y? 


If 1/nk? is negligible (k large), D, is equal to Ak*/R*. In this 
case bending and axial deformations equally contribute to the 
flexibility of the frame, while for a frame without eccentricity, 
the axial deformation only is important. 


DisTRIBUTION OF LOADS IN FRAME UNDER AcTION OF CONCEN- 
TRATED EXTERNAL FoRCES AND COUPLES. 


A unit impulse function‘ can be used to represent the load. 
Because of the periodicity of the solution, the integrals used in 


‘ Footnote reference (3), p. 395. 
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conventional representations of step functions are replaced by 
sums. Calling I the applied concentrated load and I'(@) the 
equivalent step function, it is known that 


By application of Equation [62] to various loading conditions, 
the following coefficients are obtained 


) 
Radial force = =, q* =0 ; =0 
rR 
| 
Tangential force = 90 ; = b,* = 
Couple ; = 
The load coefficients M, S, F are as follows: 
RP» Po 
adis = = — 
Radial — 1) ke 0 
KP. 
— 1) 
1 
Tangential = .. [64] 
Qo k Qo 
* = * = 
B 
Couple = — = 0; = 0 
ak 
The values of V; are as follows: 
R*Po 
Radial = — 
R? 1 E 
— 2 (1 — n(k?—1 
E n( ital n) 
Tangential V, = 7k? — > .. [65] 
Re 
1 
The values of Ax, »” can be written in the following form: 
k.0 ( Pk. 0 | 
Tangential load Ax. 0” = (1 — px.o) .. [66] 
Couple = (1 — (Se 


(fe)? + Se’ 
In these expressions, constants f, are as follows 
, _ wT (= E 


+2), fe n(k? — 1); 


on i E 


The corrections to the conventional solutions are thus 


1 
n,” = N,* 
To 1 ead 
= ais * cos ko }........... [62] 
we \2 Kel 
— 
| 
4 
x 
| 4 
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Fig. 5 DriaGrams or BENDING MOMENTS IN FRAMES AS FUNCTIONS OF ECCENTRICITY, 7 = e/R or THE FRAMES AND OF Two VARIABLES 
AL/tR? R*h/L*t 
(See Tables 3 and 4 for the definitions of the symbols.) 
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(See Tables 3 and 4 for the definitions of the symbols.) 
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Fic. 7 DitaGrams or Axtat Forces iN FRAMES AS FUNCTIONS OF 
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(See Tables 3 and 4 for the definitions of the symbols.) 


Mu. o* — = | 
| 


TABLE 3 COEFFICIENTS FOR LOADED INTERMEDIATE RING 
IN AN INDEFINITE SHELL (E£/G=2 6) 


me Internal ———_—— Applied concentrated load 
Sk. = Sk. [68] load Radial Po Tangential Qo Couple Bo/R 
| Moment M/R KMR = Kac (—) 
Shear S Ksr (—) Ksc 
— Anco’ Fic - Axial F KFR Ker Krc (—) 
Me OC) 
TABLE 4 VALUES OF PARAMETERS IN FIGS. 5, 6, 7 
group n Parameter 1 2 3 4 5 6 7 
I 0 IL/R* 0.1 0.01 0.001 0.0001 0.00001 ira mar 
IT 1/30 AL/(1 n)tR? 100 20 4 0.8 0.16 0.04 0.01 
Ill 1/10 AL/(1 — n)tR? 20 0.8 0.16 0.04 0.01 re 


Nore: Curves nos. 0 correspond to conventional 


The quantities Mx. o* are defined by Equations [64] and, from 
the values of it results that 


Mk o, 


In the diagrams, Fig. 5, deflections in shear are neglected, and 
I is replaced by Aeo? = AR*n?, so that 


fal = fel” = [70] 


Thus, the resulting moment at any point of the frame is the dif- 
ference between the conventional solution (equal to =Mzx, o* 
cos k@) and the correction DMzé,o* Axo” cos k@ which is a 
rapidly converging series. 

For an indefinite shell, the problem is defined in terms of three 
dimensionless quantities which, for each harmonic, can be 6, 
5,’,». In turn, 5% and 6%’ can be expressed as functions of k and 
two other dimensionless quantities. This leads to the following 
three independent variables: 


1 Ratio » = e/R (eccentricity) 
2 Ratio ALE/R4%G; this ratio defines 


_ ALE 1 


6 
1 


n(k? — 


solution (infinitely rigid frame). 


3 Ratio 6,/6;’ = R*hE/L¢G; this ratio defines 


5, = (61/61") (1/k?) 
DIAGRAMS FoR BENDING Moments, Ax1AL Forces, AND 
SHEARING Forces IN FRAMES 


The diagrams, Figs. 5, 6, 7, represent bending moments, axial 
forces, and shearing forces, respectively, in the frames as func- 
tions of the eccentricity » = e/R of the frame and of the two 
variables AL/tR? and R*h/L*t. It has been found that this last 
ratio has but a small influence on the results; generally, this 
influence, for R*h/L*t varying between 10 and 100, is less than 
5 per cent. An average value of 31.25 has been chosen for this 
parameter. 

In the case of a frame without eccentricity, the axial deforma- 
tion has been neglected, and the variable replacing AL/tR? is 
IL/tR*. 

The coefficients for a loaded intermediate ring in an indefinite 
shell (E/G = 2.6) are given in Table 3. 

The coefficients K are ratios such as 


M/R 
MR ~ Py 
so that M = KyprkPy 


They have been computed for angles @ varying by increments of 
15 deg from 0 to 180°. Theantisymmetric functions are marked 
(—). 
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Sliding Friction Under Extreme Pressures—1 


By S. J. DOKOS,! EAST PITISBURGH, PA. 


The program of this investigation on sliding friction is 
concerned withthe evaluation of the frictional forceswhich 
occur under very high contact pressures and under vary- 
ing conditions of speed, temperature, and lubrication. 
The work presented herein covers the experiments which 
have been made on sliding friction at normal tempera- 
tures. Further experiments on boundary lubrication at 
normal temperatures and sliding friction at elevated tem- 
peratures will be reported in a second paper. 

This report indicates the behavior of sliding friction 
when large normal! loads react between surfaces in contact 
over a wide range of sliding velocities. At velocities less 
than one inch per second magnified photographs of the 
ruptured surfaces indicate clearly this phenomenon of 
stick-slip. From the experimental records obtained it was 
possible to show that a functional relation exists between 
the following variables: (1) The sliding velocity, (2) the 
normal load, and, (3) the frequency of stick-slip. New 
experimental evidence is presented indicating that the 
natural frequency of the apparatus involved influences 
the phenomenon of stick-slip. 


INTRODUCTION 


‘ Y ERY little is known concerning the nature of sliding 
friction which accompanies plastic forming of metals 
at normal and at elevated temperatures. It is well known, 
however, that during the rolling of steel, the forging of shells, the 
extrusion of tubes, the drawing of wire, or the piercing of billets, 
very high frictional forces oppose the flow of metal. Numerous 
theoretical papers presented by Siebel (1),? Trinks (2, 3), Nadai 
(4, 5), Sachs (6) and others have investigated these plastic-flow 
problems. 

Particular attention was paid in these investigations to the 
influence of friction on the surface of the metal undergoing plastic 
deformation and to the power requirements. The insufficient 
data which existed concerning both the effect of friction and the 
values of the coefficients of friction has retarded the complete 
solution of these problems. Recently, the wire-drawing process 
has been investigated, in connection with the present report, by 
E. A. Davis and the writer (7), as a possible means for an experi- 
mental determination of the coefficient of sliding friction under 
large contact pressures. 

The machine used in this investigation for determining the 
frictional forces between metallic surfaces consists in general of a 
horizontal disk rotating around a vertical axis and a pin sliding 
on the surface of the disk. On the upper surface of the disk, at 
the suggestion of Dr. A. Nadai, a number of concentric ridges and 
grooves were machined. A cylindrical contact rests under a 
known load on one of the ridges while the disk rotates with a 
constant velocity. The frictional forces are automatically re- 
corded by means of a special measuring device. The disk can be 
surrounded by an electric-resistance furnace and preheated to a 


1 Research Engineer, Westinghouse Research Laboratories. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1946, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


given temperature. Although several investigators, among whom 
F. P. Bowden (8) and M. Muskat (9) should be quoted, have 
used this method, it is believed that several important improve- 
ments have been added to the apparatus for measuring the fric- 
tional forces and to study the behavior of sliding materials under 
very heavy pressures. 


Previous INVESTIGATIONS 


A considerable amount of experimental research on friction has 
been done in the past both in England and in this country on 
special questions related to friction at normal temperatures. It 
cannot be the purpose of this report to offer a complete review of 
the vast amount of available literature on related questions. 
However, a few investigations which seem to have a relation to 
the present work will be quoted. 

Various proposals have been made concerning the nature of 
sliding friction. The early investigations of Amontons (10) attrib- 
uted it to resistance due to the mechanical interlocking of the 
irregularities of the surfaces in contact. This, in turn, has been 
superseded by the view that the resistance to motion is due to 
intermolecular forces at the point of contact. Tomlinson (11) 
has presented a molecular theory, according to which sliding 
friction is due to the attractive and repulsive forces between 
molecules at the surfaces in contact, so that friction is a surface 
phenomenon. More recently, from the work done by Bowden and 
his associates, it has been indicated that neither of these assump- 
tions is entirely correct and that the frictional effects are not 
confined to the surfaces alone. The sliding which occurs causes a 
localized plastic deformation of the solid, which extends to a 
great depth beneath the surface; consequently, friction must also 
be dependent on the bulk properties of the solids. This inter- 
pretation has also been suggested by Merchant and Ernst (12). 

Bowden and Ridler (13), while performing experiments on the 
friction between unlubricated surfaces, observed fluctuations in 
friction and concluded that kinetic friction may not be constant. 
In order to investigate this phenomenon Bowden and Leben (14) 
constructed a special apparatus for measuring these fluctuations. 
The measuring device incorporates two vibratory systems. One 
measures the tangential reaction between the surfaces, and its 
frequency is controlled by a bifilar suspension. The other applies 
the normal force and is controlled by a circular spring. Both 
systems have a high natural frequency of approximately 1000 
cycles per sec. An apparatus of this type was assumed to be 
capable of recording any changes in friction provided the natural 
frequency of the measuring device is higher than the frequency of 
the variations in friction. 

The measuring apparatus was used to apply the normal load 
to a flat plate which can be driven by a water piston. When the 
plate was set in motion the slider was observed to move along 
with the surface plate as though the two had stuck together until 
the friction force became sufficient to jerk the slider loose and 
bring it back into position to repeat the process. The investiga- 
tors concluded that this phenomenon was a result of high pressures 
and of high temperatures (13) at the points of contact causing 
local welding and plastic flow, and that the observed ‘stick- 
slips” were the manifestations of these welds and the subsequent 
rupture of the contacts. Bowden and Leben believe that this 
phenomenon is inherent to the sliding of metals, and that these 
fluctuations are characteristic of the mechanism of friction. 

In a later investigation Bowden, Leben, and Tabor (15) indi- 
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DOKOS—SLIDING FRICTION UNDER EXTREME PRESSURES—1 


cated that the intermittent motion produced is influenced by the 
natural frequency, the moment of inertia, and the damping of the 
moving parts along with the sliding velocity of the metals in con- 
tact. However, it was also clearly shown that the nature of 
sliding was decidedly influenced by the properties of the metals 
in contact. In several subsequent experimental investigations 
the thought was expressed by Blok (16) and Morgan, Muskat, and 
Reed (9) that the periodic variations of the frictional forces ob- 
served by Bowden and Leben may have been influenced or even 
entirely caused by the elasticity of the apparatus. 


FRricTION MACHINE 


The machine used in the work described in this paper, Figs. 
1 to 3, consists essentially of a disk holder approximately 12 in. 
in diameter, revolving around avertical axis upon which exchange- 
able disks a, can be fastened. On one of the ridges of the machined 
disk the rubbing contact b rests under a known normal load. 
The vertical holder carrying the small contact cylinder, which 
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Fie. 1 Friction APPARATUS, Front VIEW 


Fie. 2 Friction Apparatus, Top Visw 


Fic. Friction Apparatus, Der_Lectinc VIEW 

slides on the disk along one of its generatrixes, is attached to a 
rigid arm ¢ pivoted on a universal-joint d, so that it can move 
freely up or down or to either side. The dynamometer for 
measuring the frictional force consists of a thin flexible steel ring 
e. The elastic deflection of the ring is a measure of the frictional 
force and is magnified by means of a pointer deflected by leaf 
springs. 


Fie. 4 System ror MEASURING FRICTION ForcE 


Fig. 4 shows this device. The pointer scribes a fine scratch on 
waxed paper which is slowly moved by a clock device. The desired 
normal load is applied to the deflecting arm by a spring f. The 
rotating table which carries the metal disks is mounted on ball 
bearings and can, by suitable gearing, be driven at velocities 
varying from 1.6 X 10~‘ to 300 ips. In the slowest test approxi- 
mately 60 hr were required to make a complete revolution of the 
disk. An electric-resistance furnace j covers the ring, and the 
temperature cap be varied from room temperature to 1200 C. 
The entire machine is rigidly constructed and well mounted to 
prevent any vibrations. The vertical shaft can be cooled by a 
water jacket. 

Unlike the high-frequency measuring devices used by several 
investigators (9, 14), in which the phenomenon of stick-slip pre- 
vailed, it was thought advisable to design the normal load device 
and the dynamometer so that an average frictional force was 
obtained at sliding velocities larger than 1 ips. The normal 
loading system has a natural frequency in the vertical direction of 
200 cycles per sec, and the measured frequency of the dynamom- 
eter for a motion in the horizontal direction is approximately 
150 cycles per sec. Since stick-slip is influenced by the elasticity 
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of the measuring devices, the mechanical properties of the rotat- 
ing mechanism, and the velocity of rotation, it is not present in 
the recorded diagrams at comparatively high speeds because of 
the low natural frequency of the system and the amount of damp- 
ing in the moving parts. 

Preparation of Surfaces. The width of the ridges, machined 
in the disk, is slightly less than the width of the contact cylinder. 
Thus the cylindrical contact covers the entire width of the 
ridge during the test, as shown in Fig. 5. 


CYLINDRICAL 


SLIDER 


Fie. 5 SKetcu or Disk AND SLIDER IN CONTACT 


There are numerous ways of preparing a surface, based on 
the experience of various experimenters. There is, however, a 
reasonable agreement as to the procedure, based on the cri- 
terion of reproducibility of data. The surface of the disks was 
ground smooth and flat by means of a rotary surface grinder. The 
rings were then fastened in the friction machine and polished 
smooth and flat with various grades of polishing paper ranging 
from 1 to 0000. Following this, the surfaces were checked by a 
Brush analyzer and records of the surface roughness were made. 
The average value of the smoothness of the surfaces was from 2 to 
7 microinches. The surfaceswere thoroughly cleaned with acetone 
to remove loose materials and excess grease and then washed 
under running water and dried with cleansing tissue. The surface 
appeared smooth and flat with a high metallic luster. 

Materials Tested. The tests reported herein were made at 
room temperature, varying the load and the material of the disks 
and sliders. For the majority of the tests the sliders and disks 
were made from low-carbon and 8.A.E. 1045 steels, respectively. 
Three types of metals were used, as follows: 


1 No. 1 steel; a low-carbon steel with 0.2 per cent carbon. 
2 No. 2 steel; medium-carbon steel (S.A.E. 1045). 
3 No. 3steel; tool steel with 0.7 per cent carbon. 


Tests ON SLIDING FRICTION AT VARIOUS PRESSURES AND SLIb- 
ING VELOCITIES 


This investigation deals with observations on the friction be- 
tween sliding surfaces which are free from any lubricating agent. 
Although, as mentioned, numerous investigators have dealt with 
the theoretical and experimental aspects of dry friction, in most of 
these tests comparatively low normal loads were applied. 
It is hoped that the information presented herein will offer new 
observations on the mechanism of friction particularly under 
heavy normal forces. Consideration is given to the influence (a) 
of velocity, (b) of load, and (c) of various metals on friction. The 
sliding velocity was varied over a wide range in order to obtain, at 
relatively high pressures, a relation between the sliding velocity, 
the coefficient of friction, and the normal load. 

Gonflicting evidence on the effect of velocity on sliding friction 
has been presented by a number of the early investigators. In 
1781, Coulomb (18) concluded that velocity has very little effect 
on dry friction between metals. On the other hand, the experi- 
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ments of Galton and George Westinghouse (17) in which the 
braking action of a cast-iron block on a hard steel tire was meas- 
ured indicated that friction decreased greatly with increased 
speed. Recently, numerous investigators have shown that a 
variation does exist and that sliding friction decreases with speed. 

Papenhuyzen (18) has shown this velocity-friction relation as 
the velocity was varied over a wide range, while investigating the 
fundamentals of theskidding of automobile tires on road materials. 
From these experiments Papenhuyzen indicated three velocity 
ranges in which the frictional characteristics were of a different 
nature, namely, (a) that at low sliding velocities only uniform 
sliding was observed, (b) that at a sharply defined first critical 
velocity, frictional vibrations occurred of the stick-slip type, and 
(c) that at sliding velocities greater than the second critical veloc- 
ity, frictional vibrations of the simple harmonic type occurred. 
In the first range, friction increased slightly with speed. At 
higher sliding velocities an average coefficient of friction was de- 
duced which is considerably lower than the static friction. 

The speed of the rotating disk was varied over a range of 2.6 X 
10~* to 500 rpm, corresponding to a relative sliding velocity of 
1.6 X 10° to 300 ips. The observed coefficients of friction are 
plotted in Fig. 6, as the ordinate, and the sliding velocities are 
represented on a logarithmic scale for various values of the 
normal force. Materials in contact are various steels. In these 
tests the sliding cylinder was made of mild steel and the disk 
of an S8.A.E. 1045 steel. The normal load was varied from 50 to 
200 Ib at the various velocities and as indicated by the curves 
has a decided influence on their shape. * The results obtained from 
these tests are given in Table 1. The coefficient of friction at the 


TABLE 1 EFFECT OF VELOCITY AND NORMAL LOAD ON 


FRICTION 
Stick-slip 
Velocity of Normal Coefficient frequency, 
disk, ips load, lb of friction cycles per sec 
is . 50 0.56 7.6 X 10-3 
100 0.55 5.0 X 1073 
150 0.49 3.3 X 1073 
200 0.515 1.2 X 1073 
1.44 XK 1073 50 0.43 9.0 KX 1072 
100 0.47; 0.43 4.5 X 107%; 5.8 K 107? 
150 0.4 2.8 X 1072 
200 0.465 1.9 X 1072 
250 0.62 5.5 XK 1073 
1.18 X 1072 50 0.34 1.65 
100 0.30 9.0 X 1071 
150 0.43 4.2 KX 1071 
200 0.45 1.92 107! 
250 0.66 5.0 X 1072 
9.6 X 1072 50 0.26 “a 
100 0.32 
150 0.28; 0.31 8 
200 0.375 5 
5.76 X 107! 50 0.24 50 
150 0.27 43 
2.31 50 0.22 ers 
150 0.20 
20.4 50 0.20 
100 0.185 
150 0.175 
200 0.17 
54.0 50 0.20 
200 “ 0.15 
300 50 
200 


® Values of friction could not be determined. 


slower velocities is measured at the point of maximum frictional 
force. 

Two types of friction are indicated in Fig. 6, one called stick- 
slip friction following the term introduced by Bowden and Leben, 
and the other a smooth sliding friction. Further analysis of stick- 
slip friction will be given later, It is sufficient at present to state 
that in general two distinct ranges of friction exist. At velocities 
less than 1 ips stick-slip takes place; at speeds greater than this 
value, which will be called the critical velocity of friction, a 
smooth friction record is obtained. Another point of interest, 
shown in Fig. 6, is that three velocity ranges can be distinguished, 
namely, (a) velocities less than 4 X 10>‘ ips, in which the coeffi- 
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O 50LB. NORMAL LOAD — 
@ 50.8 
200.8 


NCHES / SEC 


Fic. 6 Verociry-Friction Curves aT Vartous Loaps 


cient of friction decreases with increased normal load, (b) velocities 
greater than 4 X 10~¢ ips and less than the critical velocity, in 
which the coefficient of friction increases with increased normal 
load, and (c) velocities greater than the critical velocity, in which 
the coefficient of friction decreases with increased load. 

The following steel combinations in sliding contact were in- 
vestigated: (a) Mild steel on Nos. 1, 2, and 3 steel disks, and (6) 
18-8 stainless steel on Nos. 1, 2, and 3 steel disks. Along with 
these some friction tests using copper and aluminum rubbing on 
the various steel disks were made. In Table 2 are the friction 


TABLE 2 COEFFICIENT OF FRICTION FOR VARIOUS METALS 
IN CONTACT 


Disk Coefficient of 
material Contact slider material friction 
No. 1 steel No. 1 steel 0.18-0.23 

18-8 Stainless steel 0.18-0.22 
No. 2 steel? No. 1 steel 0.17-0.20 
18-8 Stainless steel 0.16-0.20 
Copper (V.H., 98) 0.23-0.32 
No. 3 steel No. 1 steel 0.18-0.22 
18-8 Stainless steel 0.16-0.19 
Commercial hard copper (V.H., 98) 0.18-0.28 
Aluminum 0.16-0.2 


“ The cones load and speed were constant throughout all tests. The 
— load was 50 lb. The disk revolved at a velocity of 20 ips. 
’.H. designates Vickers hardness. 


values corresponding to these metal combinations. In each case 
more than one test was made with the exception of those in which 
copper and aluminum sliders on steel were used. The applied 
normal load and the velocity were constant throughout each test. 
The normal load was 50 lb, and the disk revolved at a velocity of 
approximately 20 ips. The maximum pressures observed as cal- 
culated from the measured area of contacts were of the order of 
60,000 psi. Unit pressures in pounds per square inch were con- 
tinuously decreasing during each test, since, due to wear, the 
apparent contact areas continuously increased. 

An examination of the coefficient-of-friction values reveals that 
no noticeable variation exists between the various steel combina- 
tions. Therefore within reasonable experimental accuracy, we 
may conclude that at the same velocity, normal load, and surface 
finish, the coefficient of friction is the same for all steels which were 
investigated. 


THe MECHANISM OF STICK-SLIP 


As stated in the investigations of Bowden and Leben (14), and 
Bowden, Leben, and Tabor (15), it has been shown that stick-slip 
is a general characteristic of the mechanism of friction and of the 
experimental apparatus. With the present apparatus the critical 
velocity is 1 ips, due to the natural frequency of the tangential 
measuring device and the dampingin the system. Since the natu- 
ral frequency of the apparatus and stick-slip seem to be related 
in some manner, the frequency of stick-slip and the sliding veloc- 
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ity were plotted on log-log paper, as shown in Fig. 7. An 
examination of the curves reveals that their point of intersection 
is at the velocity at which the fluctuations recorded cease and the 
stick-slip frequency is approximately equal to the natural fre- 
quency of both the tangential measuring device and the normal 
load arm. Thus it can be concluded that the natural frequency 
of the apparatus has a decided effect on the frequency of stick- 
slip. 

From the experimental results shown in Fig. 7, a definite rela- 
tion exists between the frequency of stick-slip and the sliding 
velocity. Thus the stick-slip frequency f, can be expressed as a 
function of the sliding velocity v, in the following form 


The physical constants k and n are functions of the normal load. 
Thus for the various loads plotted, the equations of the curves 
are 


(50 lb) ff, = 87.4 v1.04 
(100 Ib) f, = 84.5 
(150 1b) f, = 82.2 
(200 Ib) f, = 77.2 v1.27 
(250 lb) f, = 63.0 


[2] 


(The units of f, and v are cycles per second and inches per second, 
respectively.) 

Since the velocity is constant throughout a test, an expression 
can be obtained for determining the distance of slip. The dis- 
tance s traversed per cycle is proportional to the sliding velocity 
and inversely proportional to the frequency of stick-slip. Thus 


From the preceding equation the distance of slip can be calculated 
at any normal load and at any sliding velocity. 

In addition to the velocity-frequency curves which are ana- 
lyzed, some consideration is given to the effect of the normal load 
on the stick-slip frequency at a constant velocity. This effect is 
shown by two curves at different velocities in Fig. 8. For the 
particular velocities chosen the stick-slip frequency can be ex- 
pressed as a function of the normal load L, in the following man- 
ner 


where are constants. 

This equation will hold for normal loads greater than 35 Ib 
and less than 200 lb. From a test run by Bowden and Leben at a 
velocity of 0.006 cm per sec and a reaction of 400 g between the 
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lighter loads, the frequency of stick-slip would increase at an 
accelerated rate. Thus it can be concluded that the curves be- 


“ = come asymptotic to the abscissa and to a maximum normal load 
line, 
200} , 45 x 10" IN./SEC Photographs of both the surfaces of the disks and the friction 


8 © 1.20 x 107 IN /5E records were taken. Fig. 9 shows a magnification of the surface 
sol z @ TEST By BOWDEN of the disk and a typical record of the test taken with the lower 
surface moving at a velocity of 1.6 ips and with a reaction 
7 of 50 lb between the two surfaces. The passage of time is ‘from 
" * left to right. The upper trace of the record is used as a zero posi- 
tion in determining the coefficient of friction. The pointer, as 


shown in Fig. 4, deflects upward as the tangential force is increased. 


\ 
Ne on he distance hetween the maximum friction and the zero trace 
— can be measured and the load determined. The measured fric- 
tional foree divided by the normal load is the value of the co- 


Fig. 8 Frequency - Normat Loap Curves at Various VeLocities — efficient of friction. Increments of the coefficients of friction are 

indicated in the figure. The recorded trace represents the varia- 
surface, the nature of the curve at the higher loads can be deduced. — tion of the tangential foree with time. As indicated by the ree- 
When the normal load is increased in magnitude to greater than — ords, the force opposing motion is not constant but varies in 
200 Ib, the curves taper off in the form of an inverted S. This — definite cycles during sliding. These fluctuations follow a definite 
seems reasonable, since eventually pressures are reached in which — pattern in which the tangential force increases steadily up to a 
the contact slider plastically deforms very rapidly. Similarly, at) | maximum force and instantly drops to a lower value. The dis- 
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Fic. 9 MAGNIFIED SuRFACE or Disk AND ReEcorp or TEST 


LOAD = 50L8. V = 0.6 IN./ SEC. bs : 


LB. 


#0.6 IN./SEC. 
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NORMAL LOAD = 150 LB. 


Vv x 10° *iN./SEC. 


Fic. 11 MaGnirtep Surface or Disk anp Recorp or TEstT 


Fie. 12 ConpiTion or CoMPLETE SurFACE AFTER TEST 
(Record of test shown in Fig. 13.) 


tance through which the slider slips is a function of the velocity. 
The vibrations are of the stick-slip type at the slower speeds; as 
the speed of the disk is increased andapproaches the critical veloc- 
ity of the apparatus, the fluctuations take the form of simple 
harmonic vibrations, as shown in Fig. 10. At the higher loads 
stick-slip continues until the surface of the metal is ruptured, 
after which plastic smearing of the metal occurs. The friction 
varies in a radical manner and is, with exceptions, void of the 
stick-slip phenomenon. An examination of Figs. 11 and 13 
indicates what may occur after the surface is severely ruptured. 
Fig. 11 shows the effect of increased load when compared with 
Fig. 9, the velocity remaining the same. At the higher loads the 
surface of the disk is more susceptible to rupture. This is shown to 
illustrate that the identical number of stick-slips was recorded, 
as there are stick-slip markings on the surface of the disk. The 
time required for the tangential force to reach its maximum value, 
as determined from the record, is 300 sec. The distance through 
which the slider slips can be measured directly from the photo- 
graph of the magnified surface, or it can be calculated from 
Equation [3]. The average value of one cycle measured from the 


disk is 0.051 in., which is in close agreement with that calculated 
by Equation [3] (0.053 in.). ! 

In order to illustrate what happens to the entire surface of the 
disk throughout a complete test, a magnified photograph of the 
complete surface was made as shown in Fig. 12. As the disk 
rotates in a counterclockwise direction, the cylindrical contact 
moves in a relative direction from left to right. The complete 
record of the test is shown in Fig. 13. The amplitude of the 
frictional force decreased, and the frequency of stick-slip increased 
as the test progressed. The surface of the disk was ruptured at 
point A where large portions of the metal were torn from the 
slider and adhered to the surface of the disk. After rupture oc- 
curred, the surface became rougher as the test proceeded. As the 
contact slider passed over the ruptured surface, stick-slip occurred 
in a radical manner, as shown at B, on the surface. 

The wear produced by high pressures on the surface of the disk 
and on the contact slider is shown in Figs. 14 and 15. The worn 
surfaces (a) and (c) mark the beginning, and the surfaces (b) and 
(d) the ends of the tests. The contact (a) had a normal reaction 
between the surfaces of 50 lb and contact (b) had a reaction of 
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COEFFICIENT OF FRICTION 


NORMAL LOAD = 150LB. x 10°? IN. /SEC. 


Fig. 13 Compete Recorp or Test REPRODUCED IN Fia. 12 


LOAD = |I50 LB. j 
d) Fic. 15 SurRFACE oF CYLINDRICAL SLIDERS 
LOAD = |50 Velocity = 1.44 X 107 ips.) 
Fic. 14 Errect or Stick-Siip on Surrace or Disk 
(Velocity = 1.44 X 10~? ips.) rotate, portions of metal were torn from the slider. These parti- 
cles of metal adhered to the surface of the disk. 
150 lb. The leading edge of the contact sliders is smooth in com- In order to illustrate more clearly what occurs when high 


parison to the rest of the sliding surface. This should be the case _ pressures are applied to sliding metals, two tests were made at 
since the leading edge was continually in contact with the highly _ different velocities. Fig. 16 shows magnified reproductions of the 
polished surface of the disk. However, as the disk continued to surface of the disk. The normal reaction between the surfaces 
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V = 1.20 X 107? IN. /SEC. 


Fic. 16 Surfaces or Disk UNpER ExTREME PRESSURES 
(Normal load = 250 lb.) 


was 250 Ib in both tests. The distance of slip measured from the 
photograph of Fig. 15 (a) is 0.205 in., and at the faster speed the 
distance of slip is 0.160 in. At the load applied in these tests the 
particles torn from the cylindrical sliders are clearly outlined in 
both photographs. At these velocities enough time prevailed 
for plastic deformation to occur between the two surfaces. The 
irregularities of the polished surfaces in contact are points of 
highly concentrated pressures which caused the elevated portions 
of the surface to flow plastically and to interlock. As the tan- 
gential force increases, a point is reached where the actual area 
of the metal being sheared, multiplied by the ultimate shearing 
stress of the metal, is approximately equal to the maximum fric- 
tional force before slip occurs. This is graphically illustrated by 
the reproduced photographs of the surfaces. In these tests the 
projected areas of shear were measured; although this is not the 
actual area of shear, it illustrates what does occur in all cases 
where these effects are not clearly seen. The average projected 
area as measured with a planimeter is 3 X 107% sq in. The 
frictional force as measured from the record is approximately 
150 Ib. The ultimate shearing strength of the mild steel is as- 
sumed to be 35,000 psi. Therefore the calculated force neces- 
sary to shear the steel is approximately 105 lb. However, the 
actual area of shear cannot be measured and is greater than the 
projected area which should increase the calculated value. An- 
other consideration is that the slider may have sheared some 
metallic junctions from the disk. In most cases this would not 
occur, since the disk has a higher hardness than the slider, as is 
illustrated by the slider reproductions in Fig. 15. 


Discussion 

When metal surfaces slide on one another, penetration and dis- 
tortion of the metals occur to some depth beneath the surface. 
The frictional force and the nature of sliding are influenced by the 
bulk properties of the metals, and the mechanism of friction 
cannot be regarded as only a surface effect. The early investiga- 
tions of Amontons (10) attributed the nature of sliding friction to 
the resistance to motion due to the mechanical interlocking of the 
irregularities of the surface. Recently, Bowden and Leben (14) 
have suggested that the frictional resistance of metals is primarily 
due to the shearing of metallic junctions formed by adhesion and 
welding at these points of contact, and to the work of ploughing 
surface irregularities of the harder metal through the softer one. 

From the work presented herein, in which extreme pressures 
are employed, the nature of the surfaces previously in contact 
indicate on a rather quantitative basis the amount of plastic def- 
ormation which has occurred. Thus the interlocking of the 


surface irregularities, brought about by the plastic deformation of 
the surfaces of the disk and slider, cause the shearing of these 
metallic junctions. This is particularly significant, when an ex- 
amination is given to the magnified reproduction of these surfaces. 
Bowden, Moore, and Tabor (19), in the investigation of the 
ploughing and adhesion of sliding metals, show by microexamina- 
tion the nature and extent of the welding and ploughing which 
occurred at smaller pressures. A reasonable explanation can be 
given for the shearing of metal. Although the surfaces in contact 
may be carefully polished, ridges and valleys will still be present 
in the surfaces. 

In a recent publication by Bowden and Tabor (20), the actual 
area of contact between stationary and moving surfaces was deter- 
mined by measuring the electrical conductance between the 
metals. The results showed the real area of contact was very 
small and was almost independent of the apparent area of contact. 
These tests have also shown that the deformation of the surfaces 
was mainly plastic, although elastic deformation has also a de- 
cided effect on the surfaces. 

The early work of Coulomb and Amontons (21) concluded that 
the frictional force was (a) independent of the area of contact, and 
(b) proportional to the applied load. These relations between the 
frictional force, the area of contact, and the load, in the light of 
recent work, are not very apparent. As has been shown in this 
report, the frictional force is decidedly influenced by both the 
velocity of sliding metals and by the applied load. This is clearly 
shown in Fig. 6 of this paper. 

The effect of this type of apparatus on the nature of motion 
has been of particular interest to various investigators. Bow- 
den, Leben, and Tabor (15) have indicated that the intermittent 
motion produced is influenced by the natural frequency, the 
moment of inertia, and the damping of the moving parts. Along 
with the mechanical properties of the system, the type of motion 
will be decidedly influenced by the velocity. This has been 
clearly shown by the reproduced records of the stick-slips at 
various velocities, and at the same applied load. Beyond ques- 
tion, however, the nature of sliding is decidedly influenced by the 
properties of the metals in contact. 

From the experimental curves in Fig. 7 the range of stick-slip, 
for steel on steel has been defined. At velocities greater than the 
critical velocity, stick-slip has not been recorded due to the fre- 
quency of stick-slip. At the slower velocities the surfaces remain 
in contact for a relatively long time during the ‘‘stick’”’ period. 
While the surfaces are at rest relative to each other, plastic def- 
ormation occurs which allows the macroscopic irregularities of 
the surfaces to flow and interlock. This welding and adhesion 
produces larger coefficients of friction than would be obtained 
under the same conditions of load and surface smoothness at 
higher velocities. 

CONCLUSIONS 

1 For clean contact surfaces the coefficient of slidng friction 
greatly increases with decreasing velocity. 

2 Two distinct types of sliding friction are recorded by the 
dynamometer at the various velocities. At velocities less than the 
critical velocity stick-slip friction is present and at sliding veloc- 
ities greater than the critical velocity, a uniform friction record 
is obtained. 

3 Three velocity ranges were obtained in which the coefficient 
of friction is decidedly influenced by the normal load. In the 
slowest and fastest velocity range the coefficient of friction de- 
creases with increasing load. In the intermediate range of veloc- 
ity the opposite occurs. 

4 The sliding velocity -stick-slip frequency curves indicate 
that the nature of sliding friction is influenced by the mechanical 
properties of the apparatus. 
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5 The point of intersection of the various velocity-frequency 
curves occurs at a certain critical velocity, beyond which stick- 
slip is no longer recorded. The frequency at this point is approxi- 
mately equal to the natural frequency of the dynamometer and 
the normal load arm. 

6 The stick-slip frequency f, can be expressed as a simple 
function of the normal load Z, and the sliding velocity v. This 
relation holds for the range of the normal load investigated. 

7 The validity of the laws of Amontons and Coulomb are not 
apparent from the results of this investigation. 

8 When high pressures exist between the surfaces, great dis- 
tortion occurs beneath the surface of the metals in contact. Thus 
friction is not merely a surface effect but is dependent on the 
bulk properties of the metals in contact. 

9 At high pressures large particles of the softer metal are 
sheared off and adhere to the plastically deformed surface of the 
harder metal. 
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A Photoelectric Method of Measuring 
Damping in Metal Forks at Elevated 
‘Temperatures 


By T. E. POCHAPSKY! ann W 


Engineering measurements of internal friction in metals 
have been obtained from the decay characteristics of 
tuning forks of metals of interest. A damping program at 
Battelle Memorial Institute, conducted for the Office of 
Scientific Research and Development, called for such meas- 
urements at temperatures up to 1500 F, and it was neces- 
sary to develop suitable apparatus for obtaining accurate 
results at those elevated temperatures. A photoelectric 
method of measuring tine amplitude decay, using shutters 
on a vibrating fork to modulate light directed at a photo- 
cell, was developed. It proved to give very satisfactory re- 
sults and had none of the mechanical difficulties in opera- 
tion and uncertainties in results that were encountered at 
high temperatures when platinum-wire Sauereisen- 
cemented strain gages were used. It was necessary to 
reduce energy losses from the fork to its support by using 
a compliant coupling. This suspension worked so well 
that the lower limit of decrement measurements was 
probably determined by acoustic losses. It is believed that 
such losses added less than 0.00004 to the decrements of 
steel forks. This report includes details of construction 
of the equipment and reviews tests performed to establish 
its accuracy. 


INTRODUCTION 


NFORMATION on the damping capacities of metals has be- 
] come important in designing high-speed machinery which 
utilizes the natural internal friction of metals to suppress 
resonant vibrations. A method of obtaining such data from the 
free-vibration decay characteristics of tuning forks made of 
metals of interest was recently described by Carl Schabtach and 
R. O. Fehr.?- A similar approach was used at Battelle to obtain 
measurements at temperatures up to 1500 F. 

Strain gages, used by Schabtach and Fehr, did not prove to be 
an accurate means of measuring tine vibration amplitudes at 
the desired elevated temperatures. Experience with the ceramic- 
body gages showed that they failed mechanically at high tem- 
peratures and that they absorbed energy from vibrating forks. 
Consequently, results were uncertain. This prompted an in- 
vestigation of a photoelectric method of measurement which was 
developed and found to give almost trouble-free operation and 


1 Battelle Memorial Institute. 

2 “Measurement of the Damping of Engineering Materials During 
Flexural Vibration at Elevated Temperatures,” by Carl Schabtach 
and R. O. Fehr, JourNAL oF APPLIED Mecuantcs, Trans. A.S.M.E., 
vol. 66, 1944, p. A-86. 

For presentation at a meeting of the Applied Mechanics Division, 
Buffalo, N. Y., June 21-22, 1946, of Tae AMERICAN Society oF 
MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1946, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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satisfactory results. In addition, it was necessary to take steps 
to reduce energy losses to the fork support, so extending the useful 
range of measurements. The following sections describe the 
photoelectric equipment, methods of reducing extraneous losses, 
and tests carried out to establish the accuracy of the apparatus. 
Comments on experience with the strain-gage method are also 
included. 


PHoToELEcTRIc METHOD OF MEASURING DAMPING IN TUNING 
Forks 


After a tuning fork is excited, it continues to vibrate until the 
energy of excitation is dissipated, partly as heat in the fork and 
partly as sound in the air and the fork support. If external losses 
are sufficiently small, the logarithmic decrement of the amplitude 
of tine vibration can be used as a measure of the internal dis- 
sipation or damping of the fork metal. 

The percentage of strain energy lost during a cycle generally 
varies with the stress and is not constant throughout the fork. 
The decrement obtained from the tine displacement, however, 
is a reliable value of the average which would be obtained in the 
usual types of bending. Following Schabtach and Fehr, decre- 
ments in the present work were determined at various nominal 
peak bending stresses at the base of a tine during vibration decay. 

Records of fork amplitude decay were obtained with the elec- 
tro-optical system illustrated in Figs. 1 and 2. To obtain a 
measurement, shutters were fastened rigidly to each tine, as 
illustrated, and the fork was supported so that the shutters inter- 
rupted a beam of light on its way to a photocell. The shutter 
separation varied directly with the tine amplitude and vibra- 
tion of the tines caused a corresponding modulation of the light 
flux. This variation at the cell generated an alternating voltage 
which was amplified and passed through a recording galvanom- 
eter. From the photographic record it was possible to deter- 
mine both the frequency and the logarithmic decrement of the 
amplitude of the fork at any stress maximum during decay. A 
typical record is shown in Fig. 3. 

A diagram of the associated electrical equipment is shown in 
Fig. 4. The amplifier circuit was conventional and any good 
commercial unit could be modified for the purpose. Microphonics 
and hum were reduced sufficiently by using inverse feedback, 
careful filtering, and shockproof mountings. 


FIpE.ity oF MEAsuRING SysTEM 


The following tests were made to guarantee the proportionality 
between record and fork amplitudes: 

1 The uniformity of illumination in the shutter plane was 
checked by passing 1000-cycle modulated light through a small 
opening in a screen in that plane, and noting that there was no 
variation in the signal when the opening was moved about the 
plane. Further confirmation was obtained when no signal re- 
sulted from vibrating a slit screen in the shutter plane. 

2 The photocell was checked by determining that its output 
was proportional to the light flux directed at it. One especially 
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Fic. 1 Dzracram or OpticaL System Usep ror MEASURING DAMPING 


revealing test was run in which the cell was exposed to light from 
an unobstructed filament, 60-cycle a c heated, as well as to the 
steady light passing between the shutters of an excited fork. 


Iya. 2 Equipment Usep To MEASURE DAMPING 


Analysis of the amplified and recorded output showed that the 
gain of the system remained constant and that electrical trans- 
ients following excitation were dissipated within a few hundredths 
of a second. Cross-modulation was of the order of 1 per cent. 

3 The over-all linearity of the system was confirmed by meas- 
uring initial record amplitudes and finding them to be propor- 
tional to the corresponding initial time displacements. Damping 
measurements with the system also agreed with similar measure- 
ments on the same fork obtained with SR-4 paper strain gages 
at low temperatures. 


EnerGy Losses From VIBRATING FORKS TO THE EXTERIOR 


To make certain that most of the fork vibratory energy was 
dissipated in internal friction, measurements were made to deter- 
mine whether any significant losses took place through the support 
or at the shutters: 

Losses to the Support. Energy flow through the support was 
apparent in tests on a normally machined low-damping fork 
when a decrement of 0.00055 was obtained with a rigid connec- 
tion to the support bar, while a value of 0.00033 was obtained 
with a cushioned connection. Further investigation showed 
that the drainage of energy through the rigid support was serious 
when the tines were unbalanced, as shown in Fig. 5. A compliant 
coupling between the fork and the support bar practically pre- 
vented such losses, so that reliable results, Fig. 5, could be ob- 
tained even for a badly unbalanced low-damping fork. 

The construction of the coupling was such that it kept the fork 
positioned in the light field even after a spreader was jerked 
abruptly from between the tines. The design is illustrated in 
Fig. 6. As can be seen, the fork was suspended from two crossed 
horizontal springs fastened to a ring which, in turn, was sus- 
pended by four vertical wires. This bird-cage-type construction 
minimized mass motion of the fork, but at the same time did not 
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offer much loading to high-frequency vibratory motion at the 
base of the fork. A washer supported by four solid posts, so as 
to form a table just under the springs, prevented damage to the 
delicate springs when the spreader was jerked out. 

The coupling was made of a low-damping high-temperature 
alloy and measurements showed that it reduced losses as ef- 
fectively at a temperature of 1200 F as it did at room tempera- 
ture. It was strong enough to take the punishment of repeated 
tests at 1500 F. Significant dimensions are noted in the illustra- 
tion. 

Shutter Losses. The stainless-steel shutters on the forks re- 
ceived a slight amount of vibratory strain energy when they 
followed the motion of the tines. Dissipation, however, was 
negligible, and shutter weights could be increased from !/2 g up 
to 3.3 g without definitely influencing results at 1200 F. The 
decrement of the test fork was 0.00035 at that temperature. 


Energy Radiated as Sound. No measurements were made of 
acoustic-energy losses inasmuch as they were considered small 
enough to ignore in the test program for which the equipment 
was built. Rough computation suggested that decrements de- 
termined for steel forks had an addition of the order of 10-5 
because of air loading. A decrement of 0.0002 was obtained for 
a Dowmetal fork, indicating that air loading added less than 
0.00004 to decrements for steel. Lacking definite data, it is sug- 
gested that the latter figure be used as the error of measurement 
in the low-decrement range. This is sufficiently accurate for most. 
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engineering work; a fork with a decrement of 0.0001 can nor- 
mally be heard for over a minute after striking. 


COMMENTS ON PHOTOELECTRIC AND STRAIN-GAGE MEASURE- 
MENTS 


Operation of the apparatus was practically trouble-free, 
especially when compared to the trials of earlier measurements 
with strain gages. Details of these gages are shown in Fig. 7. 
Most of the difficulties with gages resulted because it was neces- 
sary to use platinum-wire elements to withstand corrosion by the 
ceramic gage body at the higher temperatures and such elements 
were relatively insensitive to strain. Consequently, weak and 
noisy signals were obtained. Tests were frequently interrupted 
because of element failure at the time of excitation during the 
measurements at the 900 F test temperature. At higher tem- 
peratures the ceramic tended to blister from the fork. These 
factors led to an uncertainty in results which could not always 
be checked because the properties of the metals changed mark- 
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edly with the history of the forks. It was also found that a 
ceramic gage, advanced */, in. up the base of a tine, absorbed 
enough energy to add about 0.0002 to the decrements of steel 
forks near room temperature. 7 
Failure of the gages in this work was a consequence of steps 
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taken to obtain results at high temperatures. At lower tempera- 
tures, sensitive and carefully placed gages could be used success- 
fully, and might be preferred instead of the optical arrangement 
because of the simpler associated equipment. On the other hand, 
the new procedure may have advantages in a long series of tests 
because it is easier to install shutters than to build gages on forks. 
The relatively high sensitivity of the photocell is also desirable. 


ACCURACY OF EQUIPMENT 


The over-all accuracy of measurements with the photoelectric 
apparatus could not be established definitely for lack of forks to be 
used as standards. Based on the favorable characteristics of the 
equipment, in most cases a £10 per cent accuracy should include 
the slight errors caused by distortion in the circuits, as well as by 
inaccuracies in measuring the slopes of traces. Repeat tests on 
stable forks gave results which were consistent within less than 
these limitations. A fixed decrement error of less than +0.00004 
for steel would include acoustic losses. Techniques of measure- 
ment could probably be elaborated to give a much better certified 
accuracy, but damping was found to be so dependent on fork 
history that the present accuracy was more than sufficient for the 
measurements of interest. This accuracy should hold at tem- 
peratures up to at least 1500 F. Measurements could probably 


be made at substantially higher temperatures with small loss in 
precision. 

Some of the vibration records showed a spurious low-frequency 
transient modulation 5 to 10 per cent in magnitude following 
excitation. The source of this was not satisfactorily determined 
although rotation of the compliantly suspended fork may have 
contributed in producing it. There is also a possibility that it 
was caused, at least in part, by energy interchanges in the fork, 
inasmuch as similar modulation was found on some of the records 
obtained with strain gages. Most of the effect of these transients 
was averaged out by using a graphical method of analyzing 
records, but they would probably cause important errors at very 
high decrements, say, above 0.1. 

The present equipment has been used in measurements on a 
series of alloys. Typical results are shown in Fig. 8. 
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A New Device for the Solution of 
Transient- Vibration Problems 
by the Method of Electrical- 
Mechanical Analogy’ 


E. N. KeEMLER? anp C. R. FreserG.? The method of using 
analogies which the authors outline has, as they point out, been 
well known for some time. Many of the earlier articles have been 
concerned with use of the analogue as a qualitative tool rather 
than as a quantitative one. Actually the methods which have 
been proposed along these lines permit the design of electrical 
models of mechanical, acoustical, or fluid systems. Several 
references are available which show other applications than those 
mentioned by the authors of the paper. These give a more de- 
tailed approach to the general problems than is given in the 
paper (1, 2, 3, 4, 5, 6).4 

The significance of the mass-inductance and mass-capacitance 
circuits can best be illustrated by the fundamental difference 
between many common electrical and mechanical systems. The 
ordinary electrical system has a known signal or voltage applied 
to it. In the normal or mass-inductance analogue, this corre- 
sponds to putting a known force on the mechanical. Many 
mechanical systems, however, have a known motion rather than 
a known force applied to them. This would correspond to 
impressing a known velocity on the electrical analogue. Since 
voltage generators are more common than current generators, it 
is desirable to be able to have an analogue on which the equivalent 
of the velocity could be readily imposed. The mass-capacitance 
circuit is such a one. This is also known as the inverted system 
because some measurements have no immediate meaning in the 
mechanical system. Measurements that are desired may there- 
fore become extremely difficult. The type of analogue to be 
used will therefore depend on the type of problem to be solved, 
as well as on the information desired. 

In the solution of transient problems, a time scale is often 
needed. One means of introducing a time scale is to use an oscil- 
lograph with a Z-axis gain. An oscillator connected to this ter- 
minal can be used for putting timing marks on the diagram (2). 

The simplest type of problem to which the electrical model can 
be put is that of finding the natural frequencies in multimass sys- 
tems (1, 4). Here an oscillator can be applied to the system, and 
its response over a wide range of frequencies can be determined. 
The determination of such frequencies is usually not too critically 
influenced by the amount of damping if high-quality inductances 
are used. When amplitudes, velocities, or accelerations are to 
be measured, however, the effect of damping becomes critical. 
The problem usually is one of determining the amount of equiva- 
lent velocity damping in the mechanical system. 

The terms connecting the mechanical and electrical systems 
can be obtained by reducing the differential equations to dimen- 


. 1 By H. E. Criner, G. D. McCann, and C. E. Warren, published in 
the September, 1945, issue of the JouRNAL OF APPLIED MECHANICS, 
Trans. A.S.M.E., vol. 67, p. A-135. 

2 Head, Engineering Research Division, Southern Research Insti- 
tute, Birmingham, Ala. 

3 Assistant Professor of Mechanical and Aeronautical Engineering, 
Purdue University, Lafayette, Ind. 

4 Numbers in parentheses refer to the Bibliography at the end of 
this discussion. 
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sionless form, dimensional analysis, or by the procedure developed 
in the paper (1, 4, 5). 
out, the setting up of the equivalent electric circuit is simple. 
This general method of solving multimass problems certainly 
deserves more use than it has been given. 


Once these relations have been worked 
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The Theory of Ejectors' 


G. M. DustnBerre.? The writer has been accustomed to think 
of the air ejector, in steam-condenser service, as having approxi- 
mately a constant volume characteristic, that is, it behaves like 
a reciprocating compressor at constant speed and volumetric 
efficiency. It tends to handle at a constant volume rate what- 
ever mixture of steam and air may enter its suction, whatever the 
partial and total pressures may be, within the normal operating 
range. Will the author comment on how this empirical relation 
checks with his theory? 

The “efficiency” or criterion of performance proposed by the 
author is novel, simple, and has obvious merit in setting a stand- 
ard for this type of apparatus. It deserves further study and 
one hopes that the author will continue his experimental 
and analytical work in this direction. 

It may be pointed out that this criterion offers a direct basis of 
comparison only as between ejectors and not with other systems 
of compression. This is not objectionable from a practical view- 
point because the ejector wins a place on the basis of first cost, 
compactness, and maintenance rather than on economy of actu- 
ating fluid. However, it is of theoretical interest to compare the 
author’s standard with that of an engine-compressor system 
in which the actuating fluid expands to the discharge pressure.in a 
reversible adiabatic engine, and the induced fluid is handled 
in a reversible adiabatic compressor driven by the engine. 

For simplicity, assume both fluids the same pure substance so 
the conventional h-s diagram may be used, Fig. 1 of this discus- 
sion. Let A represent the state of the actuating fluid, B the 
state of the induced fluid, and solid line CD the discharge pres- 
sure. Then E will represent the result of reversible mixing 4s 
outlined in the author’s Appendix 1. The flow ratio will be 
AE/EB., 


1 By H. G. Elrod, Jr., published in the September, 1945, issue of the 
JouURNAL OF APPLIED MEcHANICS, Trans. A.S.M:E., vol. 67, p. A-170. 

2 Assistant Professor of Mechanical Engineering, Virginia Poly- 
technic Institute, Blacksburg, Va. Now on duty at U. S. Naval 
Academy, Annapolis, Md. Mem. A.S.M.E. 
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DISCUSSION 


For the engine-compressor system, AC will be the engine work 
and BD the compressor work, per pound. In this system the 
flow ratio will have to be inversely as the work per pound, or as 
AC/BD., 

Now if we deal with a part of the wet-vapor region where the 
discharge-pressure line is straight at all points involved, the 
broken line FED represents this situation. The engine work is 


D 


s 
Fig. | Conventionat h-s DiaGRamM 
now AF, per pound, and the flow ratio is AF/BD._ Inspection 
shows that this is equal to the ratio A#/EB for the reversible mix- 
ing system and greater than the ratio AC /BD for the more general 
case of the engine-compressor system. 

This is to say that the author’s criterion sets a higher standard 
than is attainable in general by an engine-compressor system 
operating adiabatically. 

R. B. ENGpau.’ = This paper presents for the first time for dis- 
similar fluids a comparison between theoretically and = experi- 
mentally determined performance curves of ejectors. The agree- 
ment is good and indicates that the analysis with its assumptions 
can be used with confidence to explore areas uncharted either 
analytically or experimentally. 

One such area is entered when the boiler operator applies steam- 
actuated secondary-air jets to a furnace operating under a strong 
induced draft. The performance of the jets under this condition 
has never been measured. In Fig. 7 of the paper all points above 
the curve Py = 1.0 are in this region. The theoretical curves 
show that for an area ratio of 13.5 and for low actuating pressure 
ratios, the entrainment is increased by the reduced outlet pressure 
so long as the outlet velocity is below the velocity of sound. This 
was to be expected, but the author’s equations now permit cal- 
culation of the amount of this increase for the area ratios com- 
monly used for overfire jets. 

The conclusion that neglect of wall friction has little effect on 
the calculated performance bears out the experimental finding 
that considerable additional length of mixing tube beyond the 
optimum 7.5 diam reduces the performance only very little. 
That wall friction is such a minor item emphasizes the well- 
known profligacy of jets as consumers of energy. Many well- 
conceived ideas for jet-actuated thermal equipment will remain 
economically unfeasible until the mechanical efficiency of the jet 
can be improved. The author has contributed distinctly toward 
an understanding of jet action which may bring about that im- 
provement. 


R. E. Hansen.‘ The author’s proof (Appendix 1 of the paper) 


5’ Research Engineer, Battelle Memorial Institute, Columbus, 
Ohio. Jun. A.S.M.E. 
4 Mechanical Engineer, Ebasco Services Incorporated, New York, 


Naw. 


A-163 
that a reversible mixing apparatus gives the best possible flow 
ratio is predicated on the conditions 


The conditions necessary for the operation of a reversible ejec- 
tor are 


(h; — > (he — Ay)... 


where A, is enthalpy of the actuating fluid after adiabatic expan- 
sion to pressure p,, and h, that of the final mixture if expanded 
adiabatically to pressure p,. Condition [3] is not strictly neces- 
sary to operation of an ejector, but it is necessary to justification 
of one, because if it does not hold, the induced fluid will proceed 
to pressure p; unaided. For an actual irreversible ejector condi- 
tion [4] would become 


1 
é 


2 
where e; is efficiency of the actuating nozzle and e, that of the 
diffuser. Conditions [2], [3], [4], and [5] do not exclude the 
boiler injector operated by exhaust steam at low pressure (p3; > 
p;) as does condition [1]. 
Condition [4] follows from the kinetic-energy equation of the 
ejector 


w,(h, h,) = (w; + — hy)... [4a 


For the case of interest, (w; + w,) > w;; moreover, (hi — ha) 
and (hs — h,) must always be positive. Condition [4] follows 
therefore from [4a]. It may be possible to state the conditions 
of operation without direct reference to conditions [2] and [4], 
but it is believed that these conditions will be implicit in any such 
statement. 

Analysis presented in Appendix 1 of the paper cannot be ex- 
tended to cover the case where p; > p;, because if W and Q be- 
come negative, that is, if work is converted into heat instead of 
vice versa, there is no exception to the second law. 


J.H. Keenan.® This paper will bear careful scrutiny by those 
interested in ejectors. It is based on the well-established one- 
dimensional analysis which has proved so effective in predicting 
the performance of ejectors of large area ratio with small pressure 
ratio. The significance of the restrictions employed here and of 
the differentiation for maximum flow ratio is not immediately 
evident. Unfortunately, the accord with experiment is not ex- 
pressly indicated. 

The second-law analysis for limiting flow ratios is apparently 
new. The efficiency defined in terms of this analysis is more 
rational than any previously proposed. To be serviceable, how- 
ever, an efficiency must be so defined that it does not vary too 
widely with ordinary variations in the conditions for which ejec- 
tors are designed. The present paper offers no information on 
this point. 

AvuTHOR’s CLOSURE 


The author acknowledges with appreciation the interesting 
contributions of the discussers. 

The empirical relation suggested by Commander Dusinberre 
might be restated as follows: 

“If the temperature and pressure of the actuating fluid, the 
temperature of the induced fluid, and the exhaust pressure are 


5 Professor of Mechanical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. A.S.M.E. 
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Fic. 4 PerRFORMANCE OF SIMPLE STEAM-AIR Esectror 
(This illustration appears as Fig. 10, in reference 5 of the paper.) 


tion over the normal operating range of high-vacuum ejectors. 
Commander Dusinberre has provided an apt and interesting 
comparison between the ejector efficiency pro- 

posed by the author and that commonly used. 


The author’s criterion sets a higher standard 
because it allows for utilization of the difference 


in temperature between the actuating and in- 
duced tiuids. Although the effect of this tem- 
perature difference upon actual ejector per- 
formance is rather uncertain, it is logical and 


necessary that an allowance be made for it. 


For example, using the engine-compressor 
standard, we should find the efficiency of a 


boiler-water injector to be infinite. 
For the special case where the isobar FD 


(Commander Dusinberre’s Fig. 1), lies in 
the wet-vapor region, the temperature differ- 


ence does not exist, and the two efficiencies are 


identical. 
Mr. Engdahl’s discussion pertains to an 


unabridged, unpublished paper on ejectors. 
The illustrations to which he refers are in- 
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specified, V’ the induced volume flow rate (cu ft per sec) will 
remain constant.” 

This statement is interpreted to apply only to high-vacuum 
ejectors. Ata high vacuum and at a fixed temperature all vapors 
behave as perfect gases. Hence we write 


According to this equation, the induced flow does not cease until 
the induction pressure reaches zero. However, it is a conse- 
quence of Equations [4] to [9], inclusive, of the paper, that the in- 
duced flow ceases at a finite pressure. This pressure corresponds 
to a blocked-off suction, when the ejector is, in reality, a sudden 
enlargement. Therefore the rule suggested by Commander 
Dusinberre is inconsistent with the ejector theory, although this 
-nconsistency may not invalidate the rule as a useful approxima- 


cluded in this closure as Figs. 2, 3, and 4. 
Their terminology is the same as that of the 
present paper, except that capital letters are 
used to denote ratios. In the computation 
of the theoretical curves thé following assumptions were made: 
Actuating-nozzle exit in mixing-tube throat, nozzle efficiencies 
100 per cent, diffuser efficiency for complete ejector, 75 per cent. 
The refinements mentioned in the sixth section of the paper were 
employed, although the friction and velocity-distribution allow- 
ances affected the results but slightly. 

If (1) the inlet conditions and outlet pressure of the working 
fluids are prescribed, and if (2) p; > ps > po, Appendix 1 of the 
paper proves that a reversible ejector yields the maximum, or 
limiting, flow ratio. Since certain types of ejectors, such as the 
boiler-water injector, can operate in exception to the second 
condition (that is, with p; > p,), Appendix 1 does not, in such 
instances, guarantee the reversible flow ratio as a proper stand- 
ard for comparison. Mr. Hansen writes with this thought in 
mind. 

The general condition necessary to the operation of a reversible 
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ejector is that there exist a state on the exhaust isobar, ps, such 
that 


wh, + woho = (wy + w,)hs 


where, by convention, w; and w, are understood to be positive. 
The additional condition, p, > ps > p,, is sufficient, but un- 
necessary, to insure the more general condition given. 

Mr. Hansen’s Equation [2] is not a condition, but a definition 
of p, and p,. His Equation [3] follows from the general condi- 
tion just mentioned. Equation [4] follows from Equation [4a], 
but Equation |4a] does not follow from the conservation of 
energy, and the author does not believe it can be substantiated. 
But despite these limitations, the conditions postulated by Mr. 
Hansen are fulfilled in many practical situations. 

The graphical proof for the limiting flow ratio as given in 
the second section of the paper is valid for the case of the boiler- 
water injector. This proof depends only upon the following 
general properties of a Mollier chart: 

1 Isobars have finite, positive slope 


dh 
(2), 
ds], 


2 Their slope either increases or remains constant 


d*h aT T 
( ) = (=) = — 2 0 because C, 2 0 
ds*/], ds/, C, 


3 A given isobar lies continuously above all isobars of lower 


pressure 
dp/s 


No proof has yet been given for the case of dissimilar fluids 
when p3 > 7. 

Professor Keenan correctly states that Flugel’s one-dimensional 
analysis has proved effective in predicting ejector performance. 
However, a paper by Professor Keenan and E. P. Neumann® 
constituted the only comparison with experiment published in 
the English literature at the time of preparation of the present 
paper. This comparison was for ejectors without diffusers. 
Personally, the author did not consider the theory as “well estab- 
lished” until he made many numerical comparisons with pub- 
lished data. Figs. 3 and 4 of this closure are two such com- 
parisons, 

The significance of the differentiation for maximum flow ratio 
is that it provides an expression for the optimum area ratio ex- 
plicitly in terms of the specified operating conditions. Optimum 
area ratios for many different vapors and conditions can be speed- 
ily obtained. The accord with experiment can be judged by 
comparison with Fig. 5 of this closure. This figure shows the 
purely experimental results of A. D. Third.?’ For the example 
illustrated in his figure, the method of “A Design Problem” in 
the paper yields 

Diffuser diam 


—— ——— = 2.68 
Nozzle diam 


Air suction (per !/1) sq in. nozzle area) = 0.0674 


Efficiency = 17.1 per cent 
In the author’s opinion, an efficiency, to be serviceable, must 
be so defined that it provides a desired answer, whether or not 
it simultaneously becomes a good “G” factor. Ejector efficien- 
cies, as computed from the definition of the present paper, vary 


* Refer to Bibliography (2) of the paper. 
’ Refer to Bibliography (4) of the paper. 
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widely with operating conditions. This variation is significant, 
since it emphasizes the inflexibility of the average ejector. 

Since publication of the paper the author has proved that 
Table 1 is exact for any substance of which the enthalpy may be 
expressed by 

h =A-+ Bpv 


between states (2) and (3). Thus the validity of Table 1 is 


greatly extended. 


Fatigue Strength of 5!/s-In-Diam 
Shafts as Related to Design of 
Large Parts’ 


R. E. Peterson.? The results of the most recent Timken tests 
are of considerable interest. Referring to footnote 7 of the paper, 
the values of k,’ turn out to be 1.36 for the 2"/3:-in-radius fillet 
and 1.86 for the °/3:-in-radius fillet. The corresponding q values 
are 0.50 and 0.72, respectively. 

The statement is made that an endurance limit of 36,000 psi 
was obtained, and it is estimated that a similar plain polished 


1“Fatigue Strength of 5!/,-In-Diam Shafts as Related to Design 
of Large Parts,’’ by O. J. Horger, T. V. Buckwalter, and H. R. 
Neifert, published in the September, 1945, issue of the JouRNAL oF 
Mecuanics, Trans. A.S.M.E., vol. 67, p. A-149. 

? Manager, Mechanics Department, Westinghouse Research 
Laboratories, East Pittsburgh, Pa. Mem. A.S.M.E. 
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specimen of about 5 in. diam would give 30,000 psi. In calculat- 
ing q values where low factors are used, much depends upon the 
basic endurance-limit value used. If a value of 34,500 psi is 
used for the g calculations, it is interesting to note that full sensi- 
tivity is obtained for both cases. From a research standpoint, 
tests of 5-in-diam polished specimens without stress concentra- 
tion would represent a valuable contribution, and it is hoped 
that such tests will be made by Timken since no other laboratory 
can do so. 

The results of fillet-rolling show again the large improvement 
obtainable in this manner. It is our understanding that this 
method is in considerable use in Germany. 

Tests with large specimens are difficult and expensive; the 
Timken Laboratory deserves a great deal of credit from the engi- 
neering profession in general for its work. 


E. L. Rosrnson.* This paper contributes some valuable and 
much-needed data on the fatigue strength of shafts with variable 
diameter. This is a subject about which there is much too little 
reliable information and great uncertainty. There are innumera- 
ble applications, all of which stand to benefit from the aceumula- 
tion of the type of information given. Not only is information 
needed on tht effect of fillet radii of different sizes but also on the 
size effect. Furthermore, data accumulated on one composition 
of alloy may not be applicable to others. Indeed there are results 
to show that this is the case. Thus the tests need repetition on 
other materials and with various finishes. 

One detail of the discussion seems to require comment, and that 
is the wording used to describe the characteristic coefficients 
which represent and evaluate the results. Table 4 of the paper 
gives the test values for ky, k,, and g each of which has a separate 
and distinct value which should be given attention in analyzing 
the results. This type of analysis follows a theory of behavior 
which, in so far as the writer knows, was first attributed to Ernst 
Lehr and Richard Mailinder.‘ 

The reasoning is simple: Each geometric shape has a definite 
characteristic stress concentration as long as the deformation 
is elastic, which Lehr called the “shape factor.” The words 
“elastic stress concentration” describe this factor k, With 
simple sections, k, may be calculated mathematically. With more 
complicated sections it may be found by photoelastic analysis. 
Sometimes it can only be guessed at and then analysis can be no 
better than the guess. 

Only with materials which are 100 per cent “sensitive” is the 
strength reduced correspondingly with the increase in stress at 
the point of concentration. The tests give the ratio of strength 
of a plain shaft to a filleted shaft ky which Lehr called the “notch 
factor,” or “fillet factor.’ It is confusing when the authors speak 
of kyas the “‘stress-concentration factor.”’ If it were, there would 
be no point in computing the stress concentration k, or the de- 
gree of sensitivity q. 

The “sensitivity” is the ratio of the actual weakening of the 
shaft due to the fillet to the theoretical weakening, assuming fail- 
ure to be due to elastic stress concentration. Some materials 
approach 100 per cent sensitivity, which is an undesirable 
characteristic. Other materials have very little sensitivity, 
and such materials do not suffer much due to stress concentration. 
This is desirable, provided the base endurance strength is not also 
low. 

In offering these comments the writer would not like to appear 


3’ Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

4 “Einfluss von Hohlkehlen an abgesetzten Wellen auf die Biege- 
wechselfestigkeit,’’ by E. Lehr and R. Mailinder, Zeitschrift des 
Vereines deutscher Ingenieure, vol. 79, No. 33, August 17, 1935, pp. 
1005-1011. 
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unappreciative of the work done. Ratherit appears to him to be 
so important that a plea for a little more meticulous use of termi- 
nology in presenting results seems appropriate. 


A Simplified Method of Determining 
Hoop Stresses in Fan Rotors’ 


S. H. Curistensen.? If we find the true mean value of 
tangential (hoop) stress by integrating Equation [6] of the paper, 
and also use this equation for the true boundary stresses f; and f,, 
we find that the true ratio of boundary to mean stress differs from 
the author’s approximation, Equations [5] and [7], according to 
the curves given in Fig. 1 herewith. 

Another relation of interest is f,/f;, the ratio of inner to outer 
boundary tangential stress when given by Equation [6] of the 
paper. Its deviation from the ratio r4/r; is shown in Fig. 2. 

These second-order differences are primarily due to the effect 
of lateral fiber contraction as given by Poisson’s ratio (our curves 
were based on ¢ = 0.3 for steel). These relations also occur, but 
in a more complicated form, in disks having varying thickness. 

Large errors in the computed boundary stresses will oceur if 
any of the methods reviewed in the author’s paper (including 
Haerle’s method?) is applied to “side-wheel-plate rotors” or disks 


' By G. F. Lake, publishedin the June, 1945, issue of the JouRNAL 
or ApplieD Mecuanics, Trans. A.S.M.E., vol. 67, p. A-65. 

Carrier Corporation, Syracuse, Jun. A.S.M.E. 

3 “Strength of Rotating Dises,”’ by H. Haerle, Engineering, Aug. 9, 
1913, pp. 131-133. 
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whose meridian plane is (even slightly) inclined from the perpendic- 
ular to the axis of rotation. This is due to an additional degree 
of freedom being imposed upon the deflection by this inclination. 
At small angles of inclination (only 5 deg in some cases), the hoop- 
stress distribution in thin disks is already reversed, being greatest 
at the outer radius and least at the inner radius. The tangential 
stress distribution in inclined disks (conical shells) nearly follows, 
with radius, that of a thin ring (proportional to the radius 
squared). 

Since the practical construction of high-efficiency side-wheel- 
plate rotors demands a conical or inclined section and not a sur- 
face whose meridian plane is perpendicular to the axis of rotation, 
as idealized in this paper, the method proposed is therefore not 
applicable to the computation of stresses in side-wheel-plate 
rotors of the type usually met with in practice. 


A. M. G. Moopy.* Although the author’s method is ap- 
proximate, it should give satisfactory results and be very helpful 
in problems where the radial extent of the rotor is small relative 
to the outside radius, and where the radial load to be earried is 
small. In presenting this method, however, the author makes a 
comparison which to the writer seems most unfair. In estimating 
the saving in time and effort made by using this method, the 
standard of reference is a so-called exact method. The impres- 
sion one gets is that the author has read some textbook and has 
set out from there to produce a shorter method. In practice, one 
does not use the method which the author assumes to be the 
standard. 

The field of disk and rotor stresses happens to be one of the 
most richly treated in all the literature of stress analysis. Not 
only do we have fundamental treatments by Stodola, Holzer, 
Grammel, Martin, and others, but we also have a wealth of short- 
cut methods based on the use of families of curves. These in- 
clude the methods of Donath, Keller, Malkin, Martin, and others. 
These differ primarily in the nature of the profile chosen as stand- 
ard. Among the profiles which have been treated are parallel- 
sided, conical, hyperbolic, and exponential. Each of these has 
something to recommend it and the relative merits will not be 
discussed here. They have been well treated in a paper by 
S. Tumarkin.® 

Now the method of Donath, for instance, is quite easily ap- 
plied to such a case as that treated by the author. Offhand, it 
would be hard to say whether or not it is quicker than the 
author’s, although there is surely no great difference in the time 
and effort involved. But Donath’s method is general, and enor- 
mously flexible, while the author’s method is special and sharply 
restricted in applicability. Thus even if the new method made 
possible a slight saving, there would be a strong argument for 
using the more general one, except in the unlikely event that many 
rotors of this type and none of any other were to be figured. 


Srantey THompson.® Since radial stresses are neglected, no 
account can be made of the effect of abrupt changes in section. 
If we consider a portion of a disk for which a step occurs in the 
central portion of the disk (say, at a bolt circle) as shown in Fig. 3 
of this discussion, the tangential strain will be the same on each 
side of the step for a short distance (neglecting stress concentra- 
tions). Using the author’s nomenclature, we can write 


‘Blower Division, Elliott Company; formerly, Chief Research 
Engineer, De Laval Steam Turbine Company. Mem. A.S.M.E. 

5 “Methods of Stress Calculation in Rotating Disks,”’ by 8S. Tumar- 
kin, Report No. 262 of the Central Aero-Hydrodynamical Institute, 
Moscow, Russia, 1932; now issued in translation as N.A.C.A. Tech- 
nical Memorandum No, 1064, Sept., 1944. 

® Development Engineer, Westinghouse Electric Corporation, 
Lester, Pa. 
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This can be written in difference form 
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Combining Equations [1] and [2] 
fi—fe oq; (bz — by) oh (3) 
If we assume a step for which 
be 
by 
¢=03 
fi 2 
then 
fi—fe 0.3 


j a“. 0.15, or 15 per cent 
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The error in this step by the approximate method would be 15 per 

cent. This error would always be on the conservative side for a 

step outward from the disk. : 
Using the parallel-sided disk checked by the author, the maxi- 

mum radial stress divided by the tangential stress at the same 

point is 
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The error for a 2-1 step here would be (0.3 X 0.35 = 0.105) 
10'/, per cent. For a disk with high radial loading (blades on 
periphery) this error would become greater in direct proportion 
to the increase in radial stress. If radial and tangential stresses 
were equal the error would be 30 per cent for a 2-1 step. 

Hence the method does not enable one readily to allow for 
stress concentration due to holes in the disk, etc. 

In the example used by the author, the assumption that one 
half the blade load is carried by each rotor should be tentative. 
Since the structure is redundant, a close approximation to the 
stress picture would require revising this estimate to correlate the 
deformations in the two wheels. In the present case, the less 
heavily loaded main wheel would tend to carry part of the load 
assumed to be carried by the side- wheel-plate rotor. 

Where it is not necessary to determine stresses too accurately 
(by sum and difference curves), this method seems to offer a rapid 
means of finding the approximate stress picture. Formulas [4] 
and [5] of the paper show at a glance the advantage of keeping 
the mass of the disk concentrated as near the center as possible 
(assuming density of blades and rotor have the same radial dis- 
tribution), but it is important to realize that the stress distriubtion 
can be changed without changing the position of re. 


AUTHOR’s CLOSURE 


The curves in Figs. 1 and 2 prepared by Mr. Christensen, are 
useful in showing the limiting ratio of boundary radii of fan 
rotors to which the simplified method could be applied. As the 
author suggested, these curves show that the approximation 


involved becomes foo coarse beyond an — ratio of about 3. 


With regard to the effect of the inclination of rotating-disk 
sections, the author agrees that it would be necessary to take 
account of this in the case of single disks. However, in the case 
of side-wheel-plate rotors, the author is of the opinion that the 
freedom allowed by the inclination is largely prevented by the 
restraint imposed as a result of attachment through the blades 
to the main rotor. 

The author would like to refute Mr. Moody’s charge of un- 
fairness in presenting the simplified method, as he has no wish 
to detract from the work of recognized authorities in the field 
of disk and rotor stresses. The exact methods were chosen as a 
basis of reference in order to make the comparison as concise as 
possible. The short-cut methods of the authorities cited do not 
appear to be so well known in England as in America. It seems 
to the author that graphical methods such as Donath’s can only 
be used with ease after acquiring a certain degree of familiarity 
with them, which can only be gained by fairly frequent practice. 
Where this is so the author has no doubt that results can be 
quickly obtained and readily applied to design problems. The 
author has, however, approached the problem from the point of 
view of the fan user rather than that of the fan designer. He is 
consulted occasionally on the effect on fans in service of such 
factors as corrosion, increase in speed, and increase in operating 
temperature, and has felt the need for a method of assessing 
quickly the stresses involved. 

The author is indebted to Mr. Thompson for his method of 
analysis whereby the error at a step can be deduced but is inclined 


to think that a value-of !/2 for will in most cases overestimate 
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the radial stress. He is not clear how the value of % = 0.35 is 


Jil 
derived for the example chosen in the paper. The value deduced 
by the author is as follows 
re 18.6 X 10.2 
9 9 
21.1 tons per sq in. 


Mean hoop stress in hub (radius 9 in.) = f,, 


The hoop stress in the hub, considered as a ring detached from 
the side wheel plate, would be 


9\2 
31.1 X (*) = 11.2 tons per sq in. 


The radial stress at the step must be suflicient to account for the 
difference of 9.9 tons per sq in. between these two values. This 
is obtained as 

Cross-sectional area of hub 9.9 X 1.92 


9.5 1.125 


Radius to step X width of disk at step 


= 1.78 tons per sq in. 


The hoop stress at the step (radius 9.5 in.) = 20 tons per sq in. 
so that 


1.78 
- = —— = ().089 only 
20 


With regard to the blade loading, it is agreed that che less 
heavily loaded main wheel would tend to carry a greater share 
of this loading than the side-wheel-plate rotor, but the author is 
of the opinion that the departure from equal sharing of the load- 
ing would not be great, because it is thought that the action of the 
blades in resisting the centrifugal loading would approach more 
nearly to that of beams than cantilevers fixed to the main wheel. 


Parallel Columns With Common 
Lateral Supports’ 


K. R. Jackman? anp C. Conaway.’ Since the theory de- 
veloped in this paper conforms with what theoricians might 
call “‘exact methods” in elastic-stability theory, it may be ex- 
pected that it furnishes an accurate description of the behavior of 
the idealized structure which the author has investigated. How- 
ever, the semimonocoque structures which have suggested the 
problem may differ in their behavior from the hypothetical struc- 
ture. In fact, three reasons for conservatism of the theory in de- 
sign applications are apparent: 

1 Asemimonocoque beam such as an airplane wing may some- 
times be loaded considerably in excess of the point where buckling 
of the compression panels occurs before total failure results. 
The theory is designed to give only the buckling stress. 

2 Bulkheads in a semimonocoque beam are often supported 
by the tension surface. The theory does not take account of such 
support. 

3 Restraints that arise from membrane action of the skin are 
significant in a cambered wing. The author has not considered 
these restraints in the present theory. 

The writers’ company has recently performed several tests 
which serve to indicate how important these factors may be. 
These will be discussed as follows: 


1 By H. L. Langhaar, published in the Dec., 1945, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 67, p. A-253. 

2 Chief Test Engineer, Engineering Test Laboratories, Consoli- 
dated Vultee Aircraft Corporation, San Diego, Calif. 

3 Research Engineer, Engineering Test Laboratories, Consolidated 
Vultee Aircraft Corporation, San Diego, Calif. 
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Beam No. 18. This was a flat-topped box beam with four 
simple-beam-type bulkheads with simply supported ends. It is 
therefore the type of beam for which the theory should deter- 
mine the buckling load quite accurately. The following con- 
stants are given: 

I = 0.028 in.* bulkhead 

L = 8in., w = 29 m., r = 0.0895 in. 

t, = average thickness of plate-stringer combination = 0.168 

in. 

By Equation [7] of the paper, the bulkhead spring coefficient is 


ET (bulkhead) X 10.5 XK 10* X 0.028 


= 40.3 psi 
Hence 
CL* CL? 10.3 88 1.46 
kl Et, 10.5 108 0.168 X 0.08952 
The theory of Shou-Ngo Tu‘ then yields 


S., = 3500 psi 


| 


= radius of gyration 


S buckling stress 


cr 
Actually, the compression surface of this beam did not buckle in 
the Euler sense. Rather, the behavior of the compression panels 


*“Column With Equal-Spaced Elastic Supports,”” by Shou-Ngo Tu, 
Journal of the Aeronautical Sciences, vol. 11, no. 1, Jan., 1944, p. 67 
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was an accelerated bending which eventually became so severe 
that the beam would carry no additional load. Fig. 1 of this 
discussion is an experimental curve which shows the buckling 
deflection (“humping” with respect to the spars) versus axial 
stress. It is questionable whether the predicted buckling stress 
indicated on this curve coincides with actual buckling. How- 
ever, it is clear that the beam carried considerable load in 
excess of buckling. This is undoubtedly due to the fact that 
buckling occurred early, and that the spar flanges were capable 
of picking up the load when the compression panels buckled. 

Beam No. 17. Beam No. 17 was like beam No. 18, but it had 
full-depth bulkheads with three vertical struts. No diagonal 
trussing was provided and therefore the bulkheads had very 
little shear stiffness. The bulkhead coefficient, based upon the 
combined stiffness of the upper and lower bulkhead chord mem- 
bers, has been calculated by the theory of Equation [7] of the 
paper to be 59.6 psi. Hence, by the theory of Shou-Ngo Tu,‘ 
the buckling stress should have been 4100 psi. 

An experimental deflection curve for the panels of this beam is 
shown in Fig. 1. Here, again, the theoretical buckling stress was 
greatly exceeded, partly because of the capacity of the spar 
flanges to pick up load, and partly because the bulkheads were 
supported by the tension surface. 

Beam No. 11. This beam was similar to beam No. 18, but the 
compression surface was cambered. The ratio of beam width to 
radius of camber was 0.41. Since the theory takes no account 
of camber the same computation procedures apply as in the ex- 
ample of beam No. 18. These calculations yield Scr = 3200 psi. 

Fig. 1 shows an experimental deflection curve for this beam. 
It is seen that the beam carried a much higher stress than the 
predicted buckling stress (3200 psi). A comparison of the curves 
for beam No. 11 and beam No. 18 shows that camber has a de- 
cidedly beneficial effect. 

The general conclusion to be drawn from the three tests cited 
is that the theory establishes a conservative procedure for calcu- 
lating the requisite stiffness of wing bulkheads. 


AuTHOR’s CLOSURE 


The author believes that the comments of Messrs. K. R. Jack- 
man and C. Conaway on his paper Parallel Columns With Com- 
mon Lateral Supports are correct. The tests which they discuss 
had not been performed at the time the original paper was writ- 
ten, and therefore a discussion of the test data could not be in- 
cluded in it. 


Cumulative Damage In Fatigue’ 


R. B. Buanp? anp A. A. Putnam.? Of the four assumptions 
upon which the author bases his development of the damage con- 
cept, the first two should be put in more general form. In regard 
to the first assumption, rather than specify a sinusoidal loading 
cycle, it only appears necessary to specify a “simple” cycle, i.e., 
one in which de/dt changes sign only twice during a cycle. No 
work can be recalled by the writers in which it has been shown 
that the shape of a simple cycle is important. Furthermore, if 
the shape is an important factor, rate of loading and creep effects 
would be significant and thus the cycle frequency would also be 
an important variable. 


In regard to the second assumption, the derivation of } =] 


1 By M. A. Miner, published in the September, 1945, issue of the 
JOURNAL OF AppLIED Mecuanics, Trans. A.S.M.E., vol. 67, p. A-159. 

2 Structural Engineer, National Advisory Committee for Aero- 
nautics, Washington, D. C. 

3 Mechanical Engineer, National Advisory Committee for Aero- 
nautics, Washington, D.C. Jun. A.S.M.E. 
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presented implies that the work per cycle is constant for each 
magnitude of cycle. This assumption is not necessary for the 
derivation. All that is required is that (a) the rate of work input 
as a function of the fraction of total cycles to failure at any one 
magnitude of cycle be independent of the cycle size, and (b) that 
the material does not care how the work is put in. This results 
in an equation for the rate of work input of the form 


and would allow the rate of work input and the damage to re- 
main small until just before failure, thus explaining the absence 
of significant effects of fatigue-stressing on other properties such 
as tensile strength and impact resistance. 

The third assumption is not pertinent to the concept of dam- 

age and is apparently only to be used to justify an approximate 
method of relating various stress ratios. It so happens that one 
of the writers was formerly associated with a major airplane manu- 
facturer in this same field of work and had occasion to develop 
methods of fatigue analysis that could be applied to parts still 
on the drawing board. Due to the lack of adequate material 
data, it was necessary to attempt to predict fatigue strength at 
various range ratios and cycle numbers from fatigue-strength 
data for completely reversed stress. It was subsequently found 
that the results obtained from the use of the Goodman diagram 
for this purpose were so seriously in error that the entire project 
had to be discarded. 

As an example of the error involved in this approximation, it is 
possible to compare the extreme range of test values given in Fig. 

S 
At 


A 


1(b) of the author’s paper, with the derived value. = 0.5 


the possible R values range from 0.65 to 0.2 and the corresponding 


minimum stress values range from 0.32 S, to 0.1 S,; at ~ = 0.3 

the possible R values range from 0.2 to —1 and the minimum 
stress values range from 0.06 S, to —0.3 S, (compression). The 
writers would not consider this range of values to be a good ap- 
proximation, and still wider deviations are to be found when 
applying the Goodman diagram at lower cycle numbers. The 
writers believe that due to the inherent inaccuracies of the ‘“ap- 
proximation” the Goodman diagram is not usable at all for this 
type of work, where margins greater than 10 to 15 per cent, on 
stress, are considered excessive. In fact, if data are available to 
define the actual shape of the Goodman diagram so that the 
straight-line approximation need not be used, then those data 
‘an define the entire fatigue surface and the Goodman diagram 
is superfluous. Parenthetically, the writers would like to know 
if the derived curve in Fig. 1(6), likewise represents the other 
extreme range of test values. 

The confirmation of the concept of cumulative damage is based 
upon 22 tests in which a large number of variables were present. 
For this reason it is difficult to determine if any trends are pres- 
ent due to the magnitude of cycles, sequence of cycles, or range 
ratio. However, statistical tests were applied to the data in 
which only two magnitudes of cycles were used, with the result 
that a correlation was found between the difference in ranges of 


n 
stress and the absolute value of —1. Such a correlation is 
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to be expected if the concept of cumulative damage is not exactly 
correct. 

Again, if it is assumed that a stabilization of the work input 
associated with a certain magnitude of cycle takes place in about 
100 cycles, it would be expected that the concept of cumulative 
damage would not be seriously in error for tests such as these 
where one magnitude of cycle is run for about 104 times before a 
different magnitude of cycle is run. HoweVer, it does not follow 
that this law should hold when the number of the same magnitude 
of cycles in sequence is only of the order of 102, 10', or even 10°. 
The data presented, plus the data of Stickley which is mentioned 
(6 different magnitudes of cycles), show an increased deviation of 
the results from those predicted on the basis of cumulative dam- 
age with increasing number of different magnitudes of cycles, 

If failure is the result of strain hardening as outlined by the 
theory of Orowan,‘a family of curves, ona plot of per cent damage 
at the second stress to the per cent cycle ratio at the first stress, 
would result, one curve for each combination of stress and cycle 
ratio. These curves would be centered about the curve deter- 


mined by 9 = 1. 


However, a small number of tests which 


give only one or two points on a curve would give a pattern of 
points which would not reveal the curves (especially with the 
scatter inherent in fatigue tests) but which would appear random 

n 
about the curve for = 

variables in these tests is so large and the number of tests is so 
small that from them no conclusions can be drawn as to the cor- 
rectness of any theory. 

The concept of cumulative damage does give a method of mak- 
ing an estimate of life of structures with discrete types of load- 
ing, and what may be more important at the present state of 
knowledge, it gives a basis for comparing various structures under 
the same loading. However, caution must be used in extending 
the theory to many of the problems common to industry. For 
example, the loads on an airplane wing, caused by atmospheric 
turbulence, occur in a more or less random manner about a fairly 
constant mean load. If the fatigue life of a structural member 
in the wing is to be determined by using this concept, should the 
deviations from the mean load be paired in pairs of equal absolute 
but opposite numerical magnitude to form cycles about the mean 
load, or considered each separately, or grouped statistically to 
form cycles of various amplitudes and mean stresses similar to 
actual sequence of loads? Large factors will separate the lives 
so obtained and there is no reason to believe that any one of 
these methods is least in error. 


In other words, the number of 


AuTHOR’s CLOSURE 


Messrs. Bland and Putnam’s comments regarding the more 
general nature of both the cycle of loading and the broader form 
of the expression for damage are appreciated. The remarks are 
justified by experimental information available at present. Their 
comments concerning the lack of accuracy of the modified Good- 
man diagram are correct; however, it should be pointed out that 
no use of this method was made in the development or experi- 
mental confirmation of the cumulative-damage concept. The 
Goodman diagram was introduced to provide an approximate 
method in cases where suitable SN-curves are not available. The 
author heartily concurs that this approach is at best a poor sub- 
stitute for experimental data. 

With regard to any possible correlation between difference in 


n 
ranges of stress and the absolute value of ; a Nn’ the following 


4“Theory of the Fatigue of Metals,”” by E. Orowan, Proceedings 
of the Royal Society of London, series A, vol. 171, 1939, p. 79. 
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additional tests have been completed using steel specimens, and 
they do not show a significant trend. 

Seven rotating-beam specimens (flash-welded 4130 
tubes) were tested at various numbers of stress magnitudes 


steel 


n 
ranging from two to ten. The average value for > de N was 1.11; 


4 


. n 
for a specimen run at ten different stress values, _* 1.06; 


for nine levels, 0.86; and for five levels, 1.20. 
Nine flat sheet specimens of S.A.E. 4130 steel were tested at 
from two to four different stress levels and at various stress-ratio 


n 
values. The average value was z V = 0.94, the maximum 


1.43 fat 


levels). 


two levels), and the minimum 0.69 (also at two 
It is noted that the over-all average for the original 22 alumi- 


num-alloy specimens plus these 16 steel specimens results in 


n 
> Vv deviating by only 1.5 per cent from the theoretical value 


of 1. 

To establish the effects of a number of different magnitudes of 
stress, another experimenter has tested an aluminum-alloy 
specimen for 28 excursions of a repeating stress pattern which 
contained four different magnitudes of stress, all at a constant 
value of mean stress, 


The failure occurred at a re V only 1 per cent different from 


No significant correlation with the num- 
ber of magnitudes of stress is apparent for the data presented 
on either aluminum or steel specimens. 

The suggestion that stabilization of work input occurs at some 
relatively small number of cycles, say, 100, offers interesting 
possibilities for modification if the cumulative-damage concept 
does not accurately represent this region of loading. 


the theoretical value. 


However, 
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the author has conducted experiments at very high loads (95 to 
100 per cent of the ultimate strength for 24S-T alclad sheet 
specimens), obtaining results that are not subject to rational 
analysis owing to scatter. However, since the structural alumi- 
num alloys normally fail at from 1000 to 10,000 cycles of loading 
(varying with stress ratio and normal scatter) at 95 per cent of 
the ultimate tensile strength, there is only this narrow region at 
very high stresses within which the cumulative damage is not 
adequate for present analysis purposes. Of course for a prac- 
tical case, material with various stress concentrations must be 
considered, but here again the usual margin of safety found in a 
structure will normally obviate stresses of such a magnitude as to 
result in fatigue failures in less than 1000 cycles. 

The use of the cumulative-damage concept provides con- 
siderably greater accuracy in the analysis of the effects of gust 
loads on aircraft structures than is warranted by presently availa- 
ble information on the frequency of occurrence of atmospheric 
disturbances. Also, it is the task of the analyst and the ex- 
perimenter to determine the proper method for handling gust 
loadings, a problem independent from that of the damage ques- 
tion. 

The general comments regarding conclusions drawn from a 
small number of tests with a large number of variables are valid 
to the extent that a precise analysis is not possible at present by 
use of the cumulative-damage concept nor is that the intent. 
The present status of all fatigue-analysis methods, and experi- 
ments, is such that any significant trend which may be shown to 
exist is very useful in spite of limited accuracy. The need is 
great for further experimentation on general fatigue problems 
and the damage question in particular. 

The author wishes to acknowledge an original theoretical 
approach to the problem of repeated loadings of aircraft struc- 
tures in which a damage criterion was previously proposed by 
P. H. Denke, of the Douglas Aircraft Company, 
Monica, Calif. 
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Book Reviews 


Theory of Structures 


TuHeorRY oF Structures. ByS. Timoshenko and D. H. Young. Me- 
Graw Hill Book Company, Inc., New York, N. Y., 1945. Cloth, 
53/4 & 83/qin., xiv and 488 pp., 477 illus., $5. 


REVIEWED By J. N. GoopiER! 


HIS is a theory of structures in the orthodox sense of civil 

engineering, reflecting the authors’ lifelong interest, both 
scholarly and practical, in the subject. The text, as will be ex- 
pected by readers of other works from the same pens, is extremely 
clear. It makes minimum demands on the reader—a reviewable 
knowledge of elementary mechanics and strength of materials— 
and at the same time maintains a scrupulous regard for logical 
completeness and continuity. 

The required elements of plane staties are given in the first 
chapter, in the form of a review extended to the funicular poly- 
gon and the method of virtual displacements, which is subse- 
quently used to very good advantage in many places. The re- 
quired space statics is given under “statically determinate space 

' Professor in Charge, Department of Mechanics of Engineering, 
Cornell University, Ithaca, New York, N. Y. Mem. A.S.M.E. 


structures”’ in the fourth chapter. The reader thus needs only a 
first course in mechanics, and for the second part of the book also 
strength of materials, to be able to proceed. He will be led 
through the simple truss problems normally encountered in stat- 
ics to Maxwell diagrams, compound and complex trusses, and 
the application of virtual displacements. Influence lines are de- 
veloped for beams, three-hinged arch ribs, simple trusses, com- 
pound trusses, and three-hinge arch trusses. Statically deter- 
minate problems end with a chapter on space trusses completing 
rather less than half the book. 

The second half begins with strain energy, the principle of vir- 
tual displacements, Castigliano’s theorem (and its offshoots 
such as least work), and the reciprocal theorem. These theorems 
then find application to the deflection of pin-jointed trusses. 
Graphical determination of deflections, like all the methods de- 
veloped, is well illustrated, even if one of the diagrams seems to 
be there as a warning to the student that sometimes a formidable 
tangle will result in spite of the best of intentions! The fictitious 
load methods of Mohr and Miiller-Breslau follow. The chapter 


on statically indeterminate pin-jointed trusses includes a discus- 
sion of influence lines when there are several redundant members 
The chapter on beams and 


and a brief section on space trusses. 
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frames proceeds through the slope-deflection equations, continu- 
ous beams, simple bents and frames, to continuous frames and 
solutions by successive approximation culminating in the Hardy 
Cross method. Data are given for haunched beams. In the 
last chapter, the thorough discussion of arch analysis is supple- 
mented by several tables useful in calculating thrust, and there 
is a critical discussion of the “thin bar’ formulas, based on the 
thick-curved-bar theory which is developed as a preliminary. 

The book is a valuable treatgse on methods for the engineer 
and is well arranged for the use of students. It has 269 problems 
covering all parts except the more advanced questions of frames 
and arches. 


The Meaning of Relativity 


Tae MeaninG oF Reuativiry. By Albert Einstein. Second Edi- 
tion. Princeton University Press, Princeton, New Jersey, 1945. 
Cloth, 5 X 73/4 in., 135 pp., 6 figs., $2. 


REVIEWED BY J. ORMONDROYD? 


‘THE first edition of this book, published in 1922, covered a 

series of lectures given by Mr. Einstein in May, 1921, at 
Princeton University. The text of this edition differs from that 
of the first edition only by the inclusion of an Appendix on the 
“Cosmologic Problem.’”’ The dust cover states that the book 
is “intended for the general reader who has some understanding 
of modern physics and advanced mathematics.” It is probably 
fair to remark at the outset that the understanding of modern 
physics and advanced mathematics of most engineers will not 
suffice for the intelligent reading of this book. The physical 
knowledge required by the putative reader is a thorough under- 
standing of Newtonian mechanics and Maxwell’s electrodynami- 
cal theories. On the mathematical side Riemannian geometry 
and tensor analysis must be known. One further prerequisite 
would be that the reader had already attempted some serious 
study of the theory of relativity from some other source. For 
anyone having the complete background as outlined above, Mr. 
Einstei:.": four lectures would be considered a magnificent sum- 
mary by tue master to his disciples. 

In the first chapter of the book Einstein gives a brief introduc- 
tion to prerelativistic physics and the notation, concepts, and 
operations of tensor analysis. Here again if the reader knows 
this subject in advance he will probably recognize a masterful 
summarization, but if he does not he will gain nothing but con- 
fusion and a sense of futility. 


* Captain, U.S.N.R., David Taylor Model Basin, Navy Depart- 
ment, Washington, D.C. Mem. A.S.M.E. 
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The second chapter deals with the theory of special relativity. 
The engineering reader would probably find it easier to get the 
ideas of special relativity from some other book. A great many 
expositions of the theory of special relativity have been pub- 
lished, some of them treated in language suitable to the back- 
ground which most engineers actually possess. 

The third chapter gives the underlying physical ideas of the 
general theory of relativity. These are followed by an extensive 
consideration of the tensor analysis and the tensor equations 
which form the mathematical foundation of the theory. If the 
engineering reader pays close attention to the physical reasoning 
he will gain a clear insight into the meaning of General Relativity. 
The tensor analysis and tensor equations will probably leave 
him bewildered as in chapter one. 

The fourth chapter contains a discussion of the three widely 
known triumphs of the general theory of relativity. Pages 92 
to 97 of this chapter show the quantitative deductions which pre- 
dicted the shift of spectral lines toward the red in radiations which 
emanate from the sun and other heavy stellar bodies, the bending 
of light rays in the neighborhood of the sun or any concentration 
of mass, and the motion of the perihelion of the planet Mercury. 
All of these are small effects totally outside the possibility of pre- 
diction by Newtonian mechanics; but all capable of observa- 
tional confirmation. 

The theory of relativity has enjoyed widespread interest be- 
cause the principles and experiments which form its foundation, 
and the few outstanding results which it has predicted, are un- 
derstandable to a public reasonably well versed in physics and 
mathematics. For this reason the Appendix which treats the 
“Cosmologic Problem”’ is probably the most understandable and 
enjoyable chapter in the whole book. Here the relationship be- 
tween the Hubble expansion and the average curvature of the 
space of the universe, the age of the universe, and the conflict 
between the relativistic age and the age deduced from the con- 
sequences of nuclear physics are discussed. These are all ques- 
tions which would interest any reader who possesses even me- 
diocre physical and mathematical knowledge. 

The reviewer of this book has decided that in order to under- 
stand Mr. Einstein’s summary of the theory of relativity he would 
have to make a serious study of some such books as ‘The Ele- 
mentary Theory of Tensors,”’ by T. Y. Thomas, “Applications 
of the Absolute Differential Calculus,” by A. J. McConnell or 
“Riemannian Geometry,” by L. P. Eisenhart (named in order of 
sophistication), and at least the chapters on relativity in some 
general work on mathematical physics such as “Foundations of 
Physics,” by Lindsay and Margenau. There is no easy road to 
the understanding of the meaning of relativity. 
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Internal Friction in Engineering Materials 


By J. M. ROBERTSON! anv A. J. YORGIADIS? 


This paper is a report on some experiments conducted on 
the subject of internal friction or damping in solid engi- 
neering materials, with apparatus and technique com- 
paratively new to the field. The use of this equipment 
and technique enabled the measurement of internal fric- 
tion in a more direct way than most if not all of the me- 
thods used by previous investigators. In the light of the 
results reported; empirical relations are presented for the 
variation of internal friction with stress amplitude in the 
range of engineering stresses. These relations are com- 
pared with the findings of others. 


INTERNAL FRIcTION—-DAMPING CAPACITY 


NTERNAL friction or damping capacity is that property of 
I a solid material which results in energy absorption when the 
material is stressed cyclically. 

Concept of Internal Friction. The original conception of in- 
ternal friction or damping in solids was that this phenomenon is 
associated with a viscous force proportional to the strain velocity. 
This reasoning was through analogy with viscous friction in 
fluids. Kelvin (1),* one of the early researchers in this field, 
presented internal friction as a viscous phenomenon; but his 
experiments made in 1865 on wires in torsion did not verify this 
hypothesis. As early as 1912 internal friction was presented by 
Hopkinson and Williams (2) as a hysteresis phenomenon in which 
the loss was due to the noncoincidence of the upward and down- 
ward portions of the stress-strain diagram of a material under 
cyclic loading. The stress-strain diagram for a complete stress 
cycle thus corresponded to a closed loop. Through analogy with 
the phenomenon of magnetic hysteresis, Hopkinson and Williams 
suggested the appelation “elastic hysteresis.” This term was 
somewhat of a misnomer for, as noted by Féppl (3) it is due to 
the lack rather than the presence of an elastic quality of the 
material. 

In analyzing internal friction, Féppl (3) assumed that any 
strain may be considered to be composed of an elastic and plastic 
portion, the latter being the cause of the hysteresis and energy 
loss. The energy stored in a strained body is only partly re- 
coverable in release of the stress and strain; that associated with 
the plastic component of the total strain is not recoverable and is 
dissipated into heat. Féppl and his co-workers (3, 4) preferred 
to call this the “damping” or the “damping capacity,” as it 
represented the amount of energy a vibrating system would dis- 
sipate through internal friction in one cycle of vibration. 

Methods of Expression. Internal friction has been expressed in 


1 Assistant Professor of Engineering Mechanics, Pennsylvania 
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? Research Engineer, Sonntag Scientific Corp., Greenwich, Conn.; 
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’ Numbers in parentheses refer to Bibliography at end of the paper. 
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various ways by different investigators, depending partly on 
the method of measurement and analysis involved. Although in- 
correct and decidedly misleading, internal] friction is still some- 
times expressed in terms of a viscosity coefficient, due to the con- 
venience of analytical treatment. A large number of observers 
have presented data on internal friction in terms of the logarith- 
mic decrement or rate-of-vibration-decay factor 6, which in 
many cases was the quantity determined experimentally. This 
representation lacks considerably in physical significance when 
applied to the steady vibrations of structural members. Al- 
though his test involved the measurement of vibration decay, 
Fépp! presented his data in terms of the “‘specific’’ damping ca- 
pacity, as von Hydekampf (4) termed it. This is the ratio of the 


energy loss per cycle AW, to the vibrational energy in the mem- 
ber W 


v= eee 


On the basis of certain assumptions it can be shown that y is 
approximately equal to 26, see Lazan (5). 

Since the time of Hopkinson and Williams (2) and Rowett (6), 
many experimenters have expressed internal friction in terms of 
the energy loss per cycle of vibration, AW, which is termed the 
damping capacity in this paper. Other methods of expressing 
internal friction are in terms of the bluntness of the resonance 
curve, in terms of a “frictional stress” related to the width of the 
hysteresis loop (Canfield 7), and in terms of the resonance am- 
plification factor Ar, a reciprocal function of the damping. Some 
of the foregoing methods are open to serious objections especi- 
ally when used quantitatively for engineering materials. 

Significance of Internal Friction. The function of internal 
friction in aiding the other sources of damping in keeping down 
the amplitude of vibratory motion, and hence the stress ampli- 
tude by absorbing energy is of prime significance, as is well 
known. As Féppl pointed out in connection with the vibration 
of long transmission wires, airplane structures, airplane propellers, 
turbine blades, and engine crankshafts, the presence of internal 
friction in large amounts is a desirable property of materials. 
He noted that a material of high damping capacity and com- 
paratively low fatigue strength may be superior to one of high 
fatigue strength and lower damping. In this country the ex- 
treme importance of damping in connection with the vibrations 
of turbine blades has been pointed out by Hague (8). 

Internal friction is not always a desirable property of engi- 
neering materials. It is the presence of internal friction which is 
responsible for the phenomenon of shaft “whirl,” see Kimball, 
(9, 10, 11). Also materials of high internal friction heat up when 
subjected to repeated vibratory stresses, resulting in a decrease 
in the strength of the material, as at higher temperatures the 
strength of materials, especially plastics, is lower than at normal 
temperatures. Besides this, internal friction is of some interest 
in connection with the fatigue properties of materials. Dorey 
(12) concluded that the fatigue strength of a material could be 
ascertained from a plot of the damping capacity as a function of 
stress. Féppl (3) disagreed with this idea but felt that the 
notch sensitivity of the material is dependent upon its damping 
capacity. However, not all materials show this dependency. A 
good summary of the significance of internal friction in relation to 
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fatigue strength was presented in the Battelle Memorial Institute 
book (13). 

Measurement of Internal Friction. The most common method 
used for the measurement of internal friction is the rate-of-vibra- 
tion-decay method, using the torsional-pendulum form of ap- 
paratus, or vibrating bars or beams. More data have been 
taken by this method than all the other methods combined. 
The drawbacks of the freely decaying vibrations method, due to 
the apparatus and method of evaluating test data, are such as 
to mask the fundamental nature of the variation of damping 
capacity with stress. At high rates of decay the decrement 
cannot be associated with any specific stress or strain amplitude; 
transforming values of the decrement into the damping capacity 
involves assumptions concerning the elastic modulus; and the 
tests are performed in a transient state when stress surges exist, 
resulting in variations in the stress distribution. 

Féppl (3) listed several methods of measuring damping which 
were used under his direction at the Wohler Institute in Ger- 
many: namely, (a) Static measurement, as first used by Rowett 
(6); (0) starting-up tests, involving measurement of the rate of 
temperature rise; (c) a steady-state thermal-equilibrium method, 
first used by Hopkinson and Williams (2); (d) a resonant-vibra- 
tion method, involving measurement of energy input; and (e) 
the torsional-vibrations-decay method. The last was the basic 
method used by Féppl and his co-workers. Although he claimed 
to have obtained good agreement between the methods listed, 
they are open to various objections. The static method, also 
used by Dorey (12), involves the measurement of the width of the 
hysteresis loop for a complete stress cycle (generally in torsion), 
cannot be used for materials subject to creep, and requires high- 
precision measurements. Data obtained by thermal means have 
little significance as internal friction varies with temperature. 
The resonance-vibrations method can be successfully used if the 
measured losses are only those which are due to damping in the 
specimen. This is possible with the equipment developed by 
Lazan (5). 

Kimball and Lovell (11) used a novel method in which the 
lateral deflection (whip) of a loaded cantilever rotating beam 
was measured. Another method which has been used involved 
the measurement of the width of the resonance curve of a vi- 
brating bar or beam, such vibration being caused by a magnetic 
or crystal oscillator. The data obtained by this last method are 
generally at such low stresses as to be lacking in engineering 
significance. Furthermore, such measurements cannot be iden- 
tified with any particular stress amplitude as different parts of 
the test are carried on at different stresses. 


PRINCIPAL Factors AFFECTING INTERNAL FRICTION 


In spite of a large amount of theoretical and experimental 
work on the nature of internal friction in solids, there is avail- 
able no physical theory for this phenomenon, except at the very 
lowest strains which are out of the range of engineering interest. 
A good summary of these theories is presented in a book by Seitz 
(14), where the effects due to thermoelastic causes, ferromag- 
netism, and internal dislocations in the structures of the crystal 
lattice are discussed theoretically and in the light of experiment. 
In the realm of engineering stresses internal friction is probably 
the result of irreversible plastic actions. 

The factors of importance in regard to internal friction of engi- 
neering materials in the engineering range of stresses appear to be 
as follows: Stress or strain amplitude, nature,of the stress or 
strain (i.e., normal, shearing, or combined), frequency, tempera- 
ture, and the nature or kind of material. 


Frequency Effect. A conclusive proof of the lack of frequency 


effect on internal friction in the range of engineering stresses was 
obtained by Kimball and Lovell (11) in their experimental study 
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of metals, glass, celluloid, rubber, and wood (a total of 18 dif- 
ferent materials). They found the logarithmie decrement 
to be entirely independent of frequency (i.e., stress or strain 
velocity) for frequencies between 2 and 200 cps. According to 
Féppl (3), there is no frequency effect except at very low fre- 
quencies for materials subject to creep when the frequency is so 
low that the strain velocity is of the same order of magnitude as 
the creep velocity. The occurrence of creep as a separate phe- 
nomenon not of concern in damping was also noted by Leader- 
man (15). Ockleston (16), in a study of a vibrating steel beam, 
found practically no frequency effect between 23 and 45 eps. 
Gemant (17) measured the damping in a steel tube at frequencies 
between 300 and 4600 cps and noted no significant variation, al- 
though his data showed some scatter. 

Prior to this the complete lack of frequency dependence of 
damping was indicated by Hopkinson and Williams (2) and 
Rowett (6). In the first of these investigations measurements 
were made dynamically (under resonant vibrations) at 136 eps by 
thermal methods and statically for a steel under normal (ten- 
sion-compression) stresses. Continuing this work but with 
thin-walled tubes in torsion (thus making the static tests sus- 
ceptible to greater sensitivity), Rowett studied a similar steel 
statically and at 67 cps by means of the torsional-pendulum-decay 
method. The static torsion methods allowed the measurement 
of the width of the loop over the complete stress cycle for several 
stress ranges. In Fig. 1 is shown one of his measured loops 
and in Fig. 2 plots are given of his data on damping capacity as a 
function of stress amplitude. From this figure the agreement he 
noted between static and dynamic data is apparent. Rowett was 
able to re-evaluate the static data of Hopkinson and Williams and 
to show that it agreed with their dynamic data within the experi- 
mental accuracy. 

A few experimenters have noted a frequency variation, but 
their results were obtained at much higher frequencies and at 
much lower stresses in the material. It does not appear certain 
that their measurements at the different frequencies were neces- 
sarily at the same stress amplitude, with which variable the 
internal friction varies greatly. 

Stress Amplitude. The most important variable affecting 
internal friction in solids is the stress or strain amplitude of the 
cyclic action. Some attention has been paid to this fact by cer- 
tain investigators but many have ignored it or tried to minimize 
its importance. Hopkinson and Williams (2) and Rowett (6) 
were among the first to indicate this stress dependency. The first 
of these investigators found the energy loss per cycle (damping 
capacity) to vary about as the fourth power of the stress ampli- 
tude. Their data were probably influenced by temperature 
variations due to the method of measurement. Rowett’s meas- 

urements both static and dynamic, indicated that the damping 
capacity AW varied as the third power of the stress. In the 
presentation of his data in Fig. 2 the straight lines, representing 
the trend of the points, are drawn to the third power. The line 
for the hard-drawn material represents the equation he derived 
from his dynamic tests. In a study of the hysteresis loss in five 
crankshaft steels by static tests, such as used by Rowett (except 
that they were on solid specimens), Dorey (12) found that up toa 
certain stress (6000 to 12,000 psi), the damping capacity increased 
with the third power of the stress amplitude. 

If the third-power stress variation of damping capacity, noted 
by Rowett and Dorey, is expressed in terms of the specific damp- 
ing capacity y (see Equation [1]), it is found that y should vary 
about as the first power of the stress amplitude. This assumes, 
among other things, that the dynamic modulus of elasticity of the 
material is constant. Féppl (3), von Hydekampf (4), Hatfield, 
Stanfield, and Rotherham (18, 19), and Contractor and Thomp- 
son (20) presented data on internal friction in the form of graphs 
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Fic. 1 Hysteresis Loop ror Steet (ANNEALED) UNDER TORSION 
AS OBTAINED BY ROWETT 
(This is the static stress-strain curve obtained by measuring the stress 
width of the loop for different strains. Note that the stress width is shown 
greatly exaggerated.) 


02}+——-0 FREQ °— 
67 GPRS. 


AW in Ib.-in. per cu.in. per cycle 


Tn in 1000 Ibs. per sq in. 


Fig. 2. Rowerr’s Data on Dampine Capacity or STEEL Tor- 
SION PLorrep VERSUS MAxiImMuM SHEARING UNIT AMPLITUDE 


(For the annealed steel the open symbols represent the data obtained 

statically; the solid symbols represent that obtained at 67 cps. In the case 

the hard-drawn steel, the solid line represents data obtained at 67 cps; the 
single point shown, open symbol, was obtained statically.) 


of y or 3 versus stress or strain amplitude. Due to the effect of 
other factors, perhaps, the first-power variation was not too 
apparent. 

Kimball and Lovell (11) found the energy loss per cycle per 
unit volume (damping capacity, AW) to vary as the second 
power of the stress amplitude, from which it followed that the 
rate of vibration decay was logarithmic, i.e., the logarithmic 
decrement 4 was constant for any material. However, Ockleston 
(16, who attempted to compare this relation with data obtained 
from a vibrating steel beam, found the decay of vibration was not 
logarithmie and 4, therefore, to be a function of amplitude. In- 
terpreting his data in terms of the damping capacity, it appears 
that AW varied about as the third power for a considerable 
range. The correct interpretation of such tests as these is quite 
difficult if not impossible, as in both cases the stresses varied 
considerably throughout the specimens. 

Other Factors. Temperature, nature of the stress involved, 
and the nature or kind of material are other factors upon which 
the internal friction depends. Measurements by Hatfield, Stan- 
field, and Rotherham (18, 19) showed that the specific damping 
capacity increased rapidly with increase in temperature above 


normal for a considerable range of temperature. Other papers 
presenting data on the influence of temperature are those of Con- 
tractor and Thompson (20) and Schabtach and Fehr (21). 

As to the effect of the nature of stress involved, there are few 
data available since most of the experiments have only been per- 
formed in torsion. There is evidence that the internal friction 
under shearing stress is different from that under normal stress 
(3, 5). The effect of previous stress history of the specimen was 
noted by Kelvin (1), Féppl (3), Dorey (12), Lazan (5), Kutsay 
and Yorgiadis (22), and Hempel (23). Briefly, their results 
indicate that if a material is undergoing repeated cyclic strain- 
ing at essentially constant amplitude, its internal friction is 
changed with the number of stress cycles, ultimately reaching a 
constant value for any specific stress. Kutsay and Yorgiadis 
(22) noted a change of as much as 10 times in the damping 
capacity of magnesium alloys due to cyclic straining. It has 
also been noted that the damping capacity of mild steels de- 
creases due to cyclic stressing at low amplitudes and increases at 
high stress amplitudes see Lazan, (5). 

Hempel (24) in a study of the damping and fatigue properties 
of cast irons, found that the value of y, corresponding to a certain 
stress amplitude, was lower the higher the tensile strength of the 
cast iron. For plastics it has been noted that the damping 
capacities of different materials were an inverse function of their 
elastic moduli (25). This type of relation cannot be expected to 
apply to metals such as steels, for which there is no variation in 
modulus but a large variation in damping. 


APPARATUS AND Metuops Usep 


The method of test used in obtaining the data presented in 
this paper corresponds to method 4 listed by Féppl. The par- 
ticular equipment used was developed by Lazan (5) and used by 
him and Kutsay and Yorgiadis (22). Briefly, the vibratory sys- 
tem consists of a centrifugal-force mechanical oscillator, main- 
taining resonant vibration in a specimen which is the flexible 
member of the vibrating system. The energy input to the 
system is obtained from measurement of the amplitude of 
the motion and the force amplitude of the oscillator. 

Torsional Tests. The arrangement used to measure the damp- 
ing under torsional vibration is shown in Fig. 3. The upper 
end of the specimen is rigidly attached to a heavy frame by 
means of collet and chuck. From the lower end of the speci- 
men are suspended the mechanical oscillator and its synchronous 
driving motor. The oscillator was driven at different multiples 
and submultiples of synchronous speed by means of interchange- 
able gears. As shown, the oscillator is adjusted to produce a 
sinusoidal torque by means of eccentric masses at the ends of 
two counterrotating shafts. In Fig. 3 only one pair of the 
eccentric masses is visible; the other pair is on the rear face of the 
oscillator, rotating 180 deg out of phase with those shown. The 
result is a sinusoidally varying torque about the axis of the speci- 
men. The magnitude of this torque at any particular speed is 
adjusted by varying the size of the masses and their eccentrici- 
ties. The movable poises shown on oscillator-motor assembly 
in Fig. 3 are used to adjust the moment of inertia of the assembly. 
Such adjustment enables the tuning of the system to resonance. 
This is a single-degree-of-freedom system under forced torsional 
oscillation, the specimen acting as the spring, and the oscillator- 
motor unit acting as an adjustable inertia. The exact condition 
of resonance is determined by a 90-deg phase lag between the 
oscillator torque and the angular displacement of the unit; this 
lag is measured under stroboscopic light by means of the phase 
indicator shown on the oscillator. The amplitude of the torsional 
oscillations is measured with a micrometer microscope. 

On the basis of the assumption of sinusoidal torque and sinu- 
soidal motion, the following analytical equations may be ob- 
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FIXEO END 


COLLETS | | SPECIMEN 


/OSCILLATOR 


Fic. 3 EXPERIMENTAL ARRANGEMENT USED TO OBTAIN TORSIONAL 
OscILLATIONS IN SPECIMEN WITH MECHANICAL OSCILLATOR FOR 
Dampinc-Capacity DETERMINATIONS 


tained for resonance conditions of vibration. The maximum 
shear stress at the surface of the cylindrical specimen is 


where 


D = outside diameter of specimen 
J = polar moment of inertia of specimen 
= circular frequency = 
= acceleration of gravity 
= moment of inertia of oscillator-motor unit 
@ = amplitude of torsional oscillation (radians) 
The damping capacity, the energy absorbed by internal friction 
per unit volume of material per cycle, is determined from the rela- 
tion 


where 


T = amplitude of applied torque 

A = cross-sectional area of specimen 

L = length of specimen 
The dynamic modulus of rigidity (shear modulus) of the material 
is 


Direct-Stress Tests. The experimental setup used to test 
materials under direct stress (tension-compression) consists of 
the two-mass single-degree-of-freedom system shown in Fig. 4. 
The same oscillator is used, with the rotating eccentric masses 
adjusted to produce a sinusoidal axial force in the specimen 
(masses on same shaft now rotatingin phase). The specimen acts 
as the spring between the two weights, W; and W2, vibrating in 
opposite phase. These two weights are supported on rollers, 
which gives them freedom of horizontal movement with neg- 
ligible frictional losses (as noted from the experimental results). 
The magnitude of the oscillator force at any particular speed is 
adjusted by varying the size of the rotating masses and their 
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eccentricity. The system is tuned to resonance by changing W, 
and W; with weights AW, and AW;. The exact condition of the 
resonance is determined by a 90-deg phase lag between the os- 
ciator force and the displacement of W2, as measured with a 
micrometer microscope. 

The relationships for resonant vibrations of this system are 
based upon the same assumptions as those for the torsional case. 
The maximum direct stress (tension or compression) is 


W; is the weight of the block, oscillator, motor, and other attach- 
ments shown on the right side of the specimen in Fig. 4; a@ is 
the amplitude of the motion W2; and, the other symbols are the 
same as for the torsional case. The damping capacity is deter- 
mined from 


where F is the amplitude of the oscillator force. The dynamic 
modulus of elasticity of the material is 


Here 


is the effective weight of the two-mass system. 

Equations [2] to [7], inclusive, were used to obtain the damping 
capacity and dynamic modulus of materials under resonant vibra- 
tions with the apparatus described. All the data presented in 
this paper were obtained within 10 deg of resonance; most of 
them being obtained within about 5 deg. A more complete 
description of the apparatus and its uses can be found in papers 
by Lazan (5) and Kutsay and Yorgiadis (22). In connection 
with the question of the external losses due to the supporting 
structure for the apparatus, it might be mentioned that con- 
siderable difficulty was experienced in finding a sufficiently rigid 
support from which to suspend the torsional setup. In fact, 
for the lower stresses the data given for the torsional damping 
capacity probably include some energy which was lost through 
the supports. No such difficulty was noted in the case of the 
horizontal direct-stress apparatus as the vibratory load in 
the specimen is not transmitted to the foundation and the losses 
in the rollers are apparently negligible. 


Data ON DAMPING CAPACITY 


Measurements were made of the damping capacity of six metal- 
lic alloys under both torsional and longitudinal vibrations, Three 
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SUMMARY OF EXPERIMENTAL RESULTS 


— Material Experimental Data 
Approxi- 
mate® Yield strength, 
rockwell 1000 psi AW/o* Stresses, SW/rm* Stresses, 
Description hardness Direct Shear 10-1! 1000 psi 10-12 1000 psi K 
Lucite, methyl - meth- 
acrylate 66 390 
Bakelite, lami- 
na enolic (paper 
base). . 6¢ 65 0.3-3 
Plywood. in. “birch, 
resin - bonded under 
1000 psi) specific 
gravity, 1.05........ 5a 16 0.5-5 
Magnesium alloy M (1.5 
per cent Mn) ex- 
truded tubing....... F 17 ce 1.0 1.84.5 9.2 1.0-4.0 0.48 


Magnesium alloy J-1 
(6.5 per cent, Al 1 per 
cent Zn, 0.2 per cent 


Mn) extruded tubing. B 25 12 0.55 2.2-9.0 3.9 1.45.0 0.51 
(F 77) (21 T) 
Monel metal (67 per 
cent Ni, 30 per — 
Cu, 1.4 per cent Fe, 1 
per cent Mn) seamless 
tubing: 
4/¢in, diam........ B 89 68/ 486 0.05 8.0-34 0.27 3.0-30 0.57 
1/gin. diam....... B 93 74/ 546 0.03 10-60 0.19 9.0-18 0.54 
S.A.E. 1025 steel, seam- 
welded tubing, “as 
B 64 646 0.05 9-34 0.4 4.0-20 0.51 
S.A.E. X4130 steel, 
seam-welded tubing, 
“normalised”. ....... B 96 80> 526 0.043 9-45 0.2 5.0-37 0.60 
Steel tubing—Rowett 
17 per cent C, 
cent Mn): 
12.5 0.29 4.5-10 
fang drawn....... 31 0.027 uptoll 
a ed by authors. % Approximate yield point or d strength estimated from producer's 
data book. ¢ Estimated from 12,500 psi tensile strength ws roducer’s data 


test by authors. 
—t limits are 48 and 54. 
oT 


All data in inch-pound-second units. 


plastic materials were tested under longitudinal vibrations 
only. The particular materials studied are listed in Table 1; 
their static yield strengths being given in columns 3 and 4. All 
tests were conducted under completely reversed stress cycles in 
which the variation was from a maximum positive value to a 
numerically equal maximum negative value, the range of stress 
being twice the stress amplitude, i.e., the mean stress was zero. 
In all cases the stress to which the data are referred is the maxi- 
mum amplitude measured from zero. The inch-pound-second 
dimensional system is used Saree and the data are pre- 
sented in such units. 

For the three plastic rey lucite (methyl-methacrylate 
resin), bakelite (paper-base laminated phenolic, grade X), and 
a plywood (resin-bonded plywood molded under high pressure), 
the relationship between damping capacity and stress (tension- 


Fig. 5 MercHANICAL OSCILLATOR 


* From producer’ s data book, C is in compression, 
° Rough torsion test by authors. 


book. ¢@ Compression 
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compression) is shown in Fig. 6. It will be noted that the data 
are presented on logarithmic co-ordinates. The straight lines, 
drawn with a slope of 3, indicate that the damping capacity of 
these materials is proportional to the third power of the stress 
amplitude, as noted by Rowett; thus 


In column 6 of the table are given the minimum and maximum 
stresses for which experimental verification of Equation [8] was 
obtained. The value of C, in this equation is recorded in column 
5 of the table, for these three materials; AW is in inch-pounds 
per cubic inch per cycle and ¢ is in pounds per square inch. 

Each of these materials was run at two speeds, 48 and 68 cps, 
without any noticeable speed effect appearing in the data, as may 
be seen in Fig. 6. The plywood was also tested in two diameters 
1/, and */, in. at both speeds and showed no size effect. For 
each speed, size, and material, tests were run with specimens of 
at least two lengths to enable the evaluation of end-condition 
effects, which were sometimes significant. The sharp discon- 
tinuity in the bakelite data at about 3000 psi could not be checked 
due to a lack of material. 

In Fig. 7 data are presented for four of the metals, namely, 
the extruded magnesium-alloy tubing (Dowmetal J-1), S.A.E. 
1025 seam-welded steel tubing ‘‘as welded,” S.A.E. X 4130 seam- 
welded alloy-steel tubing normalized, and a cast iron. All mate- 
rials were tested in the as-received condition. The duration of 
each particular measurement was kept as short as possible to 
prevent the introduction of work-hardening effects. The results 
are again plotted on logarithmic co-ordinates and include data 
obtained under both longitudinal and torsional vibration. In 
some cases more than one specimen was studied to eliminate any 
accidental factors. The results obtained under longitudinal 
vibration (tension-compression stresses) have been brought into 
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agreement with those obtained under torsional vibration (shear- 
ing stresses) by multiplying the longitudinal-stress amplitudes by 
a factor K, whose value for each material (except the cast iron 
which was tested only in torsion) is shown on the figure and is 
listed in Table 1. Again the data lie very close to the straight 
lines representing the relations 


The limits of stress for which these were found to apply, and the 
values of the constants C; and C; are givenin Table 1. The tor- 
sional tests for the steels include data taken at two frequencies 
9 and 19 cps, while the cast-iron data were taken at 19 and 30, 
cps, again indicating no frequency effect. 

It will be noted that beyond a certain value of the stress, the 
data deviate from the straight line of slope 3, the damping then 
increasing at a much higher rate. Such a phenomenon was noted 
especially by Dorey (12), at comparatively lower stresses. There 
is some variation among the different specimens of the materials 
as to the exact stress at which this change occurs. It appears to 
occur at a stress corresponding approximately to the yield 
strength of the material. For example, in the case of the 1025 
steel a rough static test indicated that the shearing yield point 
was about 17,000 psi, which is about the transition point in Fig. 7. 

Ideally, to evaluate correctly the effect of stress on the damping 
or internal friction, all fibers of the specimen should be stressed 
the same amount. This condition was achieved in the longi- 
tudinal-vibration tests but could not be ideally attained in the 
torsional tests. All torsional data are plotted against the shear 
stress in the outermost fiber of the specimen, this being the 
maximum stress. Both grades of steel specimens were */,-in- 
diam tubes of 0.035-in. wall, in which the stress variation through- 
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out the specimen was less than 10 per cent of the maximum. 
In the case of the steel, therefore, the conditions were not far 
from the ideal. In the case of the magnesium data, however, the 
specimens were */,-in. tubes of !/s-in. walls; the variation be- 
tween maximum and minimum stress then being approximately 
one third the maximum. Nevertheless, the damping capacity 
varies as the third power of the stress amplitude, and the actual 
error due to this factor is considerably less than that indicated 
by the stress variation. 

Experiments have also been run on monel-metal drawn seam- 
less tubing under both torsional and longitudinal vibration, as 
indicated in Table 1. Two sizes were studied, #/,-in. and !/2-in, 
diam of 0.028 in. wall thickness. Due to slight differences in 
treatment, as was verified by hardness measurements, the proper- 
ties of these two were slightly different. Also given in the table 
are similar data obtained for extruded magnesium alloy M, 
which was tested under the same conditions as alloy J-1l.  Fi- 
nally the table contains data obtained by Rowett (6) on 5/g-in- 
diam 0.05-in. wall tubing in torsion. These data are presented 
graphically in Fig. 2 and are included for comparative purposes. 

It is common practice to present data on internal friction as 
the dimensionless ratio y, which is called the “specific damping 
capacity”’ or ‘relative damping.”’ As indicated by Equation [1], 
this is the ratio of the damping capacity to the elastic energy 
stored in a unit volume of material at the maximum stress. In 

2 
the direct-stress case this elastic energy is taken as W = — 
Values of y thus determined from the experimental data are 
plotted in Fig. 8 for the bakelite, X4130 steel, and magnesium 
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alloy J-1. The variable ¢ is used as the abscissa in this plot, as 
it is more fundamental to plot one dimensionless quantity as a 
function of another rather than as a function of a dimensional 
one, i.e., the unit stress ¢. This plot indicates that the specific 
damping capacity is roughly a linear function of the unit strain. 


Dynamic Mopu.Lus 


In the course of the experiments, data were obtained on the 
variation in the dynamic modulus of elasticity of the materials 
with stress amplitude. Such data are of interest in the inter- 
pretation of internal-friction data as it is often necessary to make 
certain assumptions concerning the nature of the dynamic modu- 
lus. For instance, it is generally assumed that the dynamic 
modulus has a constant value identical with that of the static 
modulus. 

The dynamic moduli of rigidity (shearing moduli) for the S.A.E. 
X4130 steel and magnesium alloy J-1 are presented in Fig. 9 
as functions of the maximum shear stress. These moduli were 
calculated from the experimental data with Equation [4] and are 
seen to decrease with increasing stress. 

The dynamic moduli of elasticity (tension-compression moduli) 
of the S.A.E. X4130 steel, magnesium alloy J-1, and the bakelite 
are shown in Fig. 10. These were calculated by means of Equa- 
tion [7], and as in the case of the moduii of rigidity, are seen to 
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decrease with increasing stress amplitude. In the case of the 
steel the 5 per cent discrepancy between the two curves, ob- 
tained on supposedly identical specimens from the same piece of 
tubing, is of the same order of magnitude as the effect of varia- 
tions noted in the wall thickness of the specimens. In the case 
of the magnesium the lower dotted curve was obtained after the 
material had been worked slightly in testing at the higher stresses. 
The discontinuity previously noted in the bakelite data at 
about 3000 psi is again apparent in the modulus. 


Discussion OF RESULTS 


The behavior of materials under static or dynamic forces is 
governed by complex laws not expressible by simple exact rela- 
tionships. However, in nearly every case this behavior can be 
represented approximately by simple, empirical relationships 
which have been found to possess sufficient accuracy for engi- 
neering purposes. Hooke’s law and Poisson’s ratio are good 
examples of approximate relationships which have been univer- 
sally accepted for use in engineering calculations. While most 
mechanical properties of materials have been interrelated by such 
simple expressions, internal friction has not been so related to 
other properties due to the conflicting experimental results. 

It is believed that the drawbacks of the experimental tech- 
niques commonly used in damping-capacity determinations have 
masked the existence of the general relationships such as were 
revealed by the tests in this paper. These tests were by no 
means exhaustive enough to warrant generalization for all mate- 
rials under all possible conditions. The kinds of materials (ferrous 
and nonferrous metals, wood, and plastics) and ranges of stress 
amplitudes covered are felt to be complete enough to indicate a 
few of the general relationships applicable to internal friction. 
Under a great number of widely varying conditions, internal 
friction as measured by the damping capacity is subject to varia- 
tions expressible by simple approximate rules to be discussed. 

Stress Amplitude. For the engineering range of stresses, the 
damping capacity of a material (energy loss per unit volume per 
cycle) for completely reversed stress cycles is directly propor- 
tional to the third power of the stress amplitude. This third- 
power variation noted by Rowett and Dorey for steel in shear, 
applies equally well to other engineering materials under both 
shearing and normal stresses as long as the stress amplitude is 
below the yield strength. Whether or not a lower limit exists, 
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below which this variation does not hold, is beyond the scope of 
this paper for if such a limit exists it appears to be below the 
range of engineering interest. 

If a material has been subjected to working effects at a par- 
ticular stress amplitude, then the third-power variation may not 
apply for stresses in the immediate vicinity. Kutsay and Yor- 
giadis (22), as a result of tests on the effect of cold-work on the 
damping capacity of magnesium alloys, reported very significant 
discontinuities in the damping capacity versus stress relation- 
ships in the vicinity of the stress at which cold-working was 
done. 

Frequency. Although the range of frequencies studied was too 
small to be used as the basis of definite conclusions, the data re- 
ported indicate that the damping capacity of materials is inde- 
pendent of frequency of stressing. This is in agreement with 
the results of the majority of investigators, at least in the range 
of engineering stresses, as noted in an earlier part of this paper. 

Nature of Stress. For the two types of stress systems covered 
in these tests, the damping capacity of a material was found to be 
the same under shear stress as under normal (tension-compres- 
sion) stress, provided the shear-stress amplitude was K times the 
normal-stress amplitude. Experimental values of the constant 
K obtained for six of the materials tested are presented in the 
last column of Table 1, and are seen to vary between 0.48 and 
0.60. These are nearly equal to the value 0.577 which is the 
ratio of shear to normal stress to produce the same distortion 
energy. 

The concept of the action of materials being related to the 
distortion energy as distinct from the energy associated with 
change of volume is well known in connection with the theories of 
failure. The theoretical derivation of the ratio between shear 
and normal stresses on this basis is given by Timoshenko (28). 
The value 0.577 is independent of Poisson’s ratio or any other 
special property of the material and holds good for all isotropic 
materials obeying Hooke’s law. 

The agreement between the experimental stress ratios for 
equal damping capacity and the stress ratio for equal distortion 
energy is relatively good, since damping is a sensitive property 
that cannot be measured with great accuracy. It is therefore 
deduced that the damping capacity in isotropic materials is as- 
sociated only with the distortion of the material and not with 
any change of volume under stress. 

A few other experimenters have noted a correlation between 
damping under shear and normal stresses but have tried to cor- 
relate the damping capacity with shear stress and not distortion 
energy. Under this assumption the ratio K should be 0.500 
and not 0.577. Féppl (3) presents data on a steel for which K 
is 0.570 and states that for other steels it varies between 0.53 and 
0.60. These values were arrived at indirectly and are not felt 
to be conclusive. 

The theory that distortion is the cause of inelastic behavior of 
materials (damping being one phase of inelasticity) is further 
evidenced by findings in the field of high pressures. Bridgeman 
(26) see also Nadai (27), has reported little or no yielding or per- 
manent set (an inelastic action) in materials which have been 
subjected to exceedingly high hydrostatic pressures which cause 
no distortion energy, even though the acting pressures were many 
times the intensity of the yield strength observed under uni- 
directional stressing. If these terials had possessed internal 
friction of any magnitude unc _uch a stress system, it would 
have manifested itself in the co. -urrence of a permanent set. 


CONCLUSIONS 


In the light of the experimental results presented, and the 
discussion of the results of others, the following conclusions ap- 
pear to be justified: 
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Internal friction in materials, as represented by the damping 
capacity, is independent of the frequency, is proportional to the . 
third power of the stress amplitude, and is due only to the distor- 
tion of the material. 
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Appendix 


Equations [3] and [6] by means of which the values of AW 
presented were determined from the experimental measurements 
are special cases of the relation for the work done by a har- 
monically varying force upon a harmonic motion of the same 
frequency. This relation is (29) 


Work per cycle = + Fasing............ (10) 


where ¢ is the phase angle between the force and displacement. 

In the experimental setups used in obtaining the data pre- 
sented in this paper, mechanical energy was transmitted from the 
mechanical oscillator to the test specimen which absorbed all or 
nearly all of it. For the direct-stress-vibration case, the end 
away from the oscillator (W; end) had no energy-feeding device, 
and hence could only absorb energy. At the oscillator end the 
displacement was accurately measured and the forces acting were 
determined as to magnitude and phase relation. It was thus 
possible to determine accurately the energy supplied to the speci- 
men, The major part of this energy was absorbed by the speci- 
men as damping and the rest passed through the specimen to the 
support or to W;. - 

At the oscillator end of the specimen two forces were acting; 
an inertia force A, due to the motion of mass W; (which included 
the oscillator and motor), and a force B, due to the rotating 
eccentrics on the oscillator. Force A was sinusoidal or very 
nearly so and in phase with the harmonic displacement. The 
phase angle in Equation [10] for this force was therefore zero, 
indicating that it did no work on the specimen. Force B was 
known from the weights and eccentricities of the rotating ec- 
centrics and the oscillator speed. The phase angle between this 
force and the displacement a was obtained by direct observation, 
and the dynamics of the system adjusted until the angle was 90 
deg. From Equation [10] the work done by this force on the 
specimen or the energy supplied to the specimen was 


Work per cycle = x Fasin90 deg = xFa...... {11) 


If Equation [11] is divided by the volume of the test specimen 
Equation [6] results. Equation [3] for the torsional tests is 
obtained in similar fashion. 

It should be noted that in both the torsional- and direct-stress 
tests the electrical and mechanical losses in the electric motor 
and the mechanical oscillator in no way entered into the deter- 
mination of the internal friction AW. The total energy ab- 
sorbed by the system, i.e., the watts input to the electric motor, 
was considerably larger than the energy loss due to damping in 
the specimen but in none of the tests was this energy determined 
or measured. 

One possible cause of error in the determinations of AW could 
be in the assumption that all of the energy supplied to the speci- 
men was actually absorbed by damping. Some energy was 
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transmitted to the foundation of the apparatus. In the case of 
the tests in the horizontal-direct-stress apparatus there was 
little loss of energy to the foundation. The vibrating system in 
this case was free-floating, with the main vibratory forces of the 
masses not being transmitted to the supporting structure at all. 
This was because the masses were supported on the lightly 
loaded, highly polished, hardened rollers and rails. The co- 
efficient of rolling friction for this roller-rails system was very 
small. 

The torsional tests were performed on a system in which one 
end of the specimen was fixed to a relatively rigid structure. As 
noted under “Apparatus and Methods,” difficulty was experi- 
enced in finding a rigid and heavy enough structure to which to 
attach the equipment. Some vibration was transmitted to this 
support, and it is believed that an error of significant magnitude 
could be introduced as a result of this loss, particularly in tests 
of specimens of low damping capacity. 

The method used in measuring damping capacity is relatively 
new and untried. In order to obtain some idea of its reliability 
measurements were made on one material using the time-honored 
method of vibration decay, The tests were made on the 4/,-in. 
monel tubing as it had one of the lowest damping characteristics 
of the materials studied and any extraneous losses as just dis- 
cussed would be relatively more serious for it. The specimen 
used in the decay tests was cut from the same length of tubing as 
the specimens used with the oscillator. One end of the speci- 
men was attached to a heavy rigid support with a collet chuck 
and the other end attached with a collet chuck to a rectangular 
metal bar having a moment of inertia about the specimen axis of 
1340 lb-in.?) The specimen was vertical with the bar hanging 
from it. -With a specimen length of 10 in., the natural frequency 
of the system was 7.6 eps. 

The metal bar was first rotated through a certain small angle, 
so as to subject the specimen to a torsional load. The bar was 
then released, allowing it to oscillate angularly, subjecting the 
specimen to torsional oscillations which decayed because of 
damping in the specimen. The decay in amplitude of this tor- 
sional oscillation was measured as a function of the number of 
cycles. The amplitude a, at various numbers of cycles after the 
start of the oscillation, was plotted as a function of the number 
of eycles and the slope of this curve was taken for various values 
ofa. The specifie damping capacity was then obtained from the 
relation 


The unit shearing strain y was obtained from the known values 
of length and diameter of the specimen, and the angular deforma- 
tion of the bar at the end of the specimen. 

The data thus obtained are presented in Fig. 11 together with 
similar data obtained with the mechanical-oscillator test appara- 
tus at frequencies of 9and19cps. The results seem to agree toa 
certain extent, although both sets of data show considerable scat- 
ter in the range of strains in which the decay data were taken 
It is probable that if a more refined apparatus had been used for 
the vibrations-decay method, the two sets of data would have 
been in closer agreement. This comparison of the data obtained 
by the two methods indicates that the oscillator method is at least 
as reliable as the commonly accepted method, and furthermore, 
that no serious energy losses were ignored in determining the 
damping capacity from the experimental data taken with the 
oscillator, 
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Concentrated-Force Problems in Plane 
Strain, Plane Stress, and Transverse 


Bending of Plates 


By P. S. SYMONDS,? WASHINGTON, D. C. 


A general method is described for the solution of prob- 
lems of transverse bending of thin plates acted on by con- 
centrated normal forces, and of problems of plane stress 
or plane strain, in which concentrated forces are applied 
to the boundaries. The solution is taken in two parts: 
(a) The special functions which give the stresses or deflec- 
tions in the neighborhood of the concentrated forces. 
(6) A complementary function, satisfying the appropriate 
biharmonic equation, such that the complete solution 
satisfies the boundary conditions of the problem. For 
certain types of boundaries, this complementary function 
can be determined by expanding the concentrated-force 
functions as infinite trigonometric series. Then by addi- 
tion of general solutions of the appropriate biharmonic 
equation, the required boundary conditions may be satis- 
fied. The method is first illustrated by solving the plate- 
bending problem, for which the solution is known, of a 
clamped circular disk loaded by a transverse force at any 
point. It is then applied to the problem of an infinite 
plate fixed at an inner circular boundary, with outer edge 
free, and loaded by a transverse force at any point. This 
solution is obtained in finite form, and typical curves of 
deflection, bending moments, and shear forces are given 
in Figs. 3 to 8, inclusive. Using this result, solutions are 
next obtained for ring-shaped plates of finite outer radius, 
with the force applied either at the outer edge or at any 
point between the inner clamped edge and the outer free 
edge. The former case was previously solved by H. Reiss- 
ner. Curves comparing the maximur1 moments and 
shears in the infinite plate with those of the annular plate 
with force either at the outer edge, or inside the ring are 
given in Figs. 9 to 12, inclusive. Finally, a solution is 
given of the problem in plane stress of a large plate con- 
taining an elliptical hole, which is loaded by line forces at 
the ends of the minor axes of the ellipse. Curves showing 
results of this solution are given in Figs. 14 and 15. 


INTRODUCTION 


HE subject of this paper is the determination of stresses and 
"| apamnen due to concentrated forces. The term 
“concentrated force’ is used here in the sense of the mathe- 
matical abstraction, in which infinite force intensities acting over 
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infinitesimal areas define finite point or line forces. The stresses 
and displacements calculated are therefore valid only at suf- 
ficiently great distances from the load points, according to Saint 
Venant’s principle. Problems of transverse bending of thin 
plates loaded by normal point forces, and problems of plane 
stress or plane strain in which line forces are applied to boundaries 
may be treated by the method used here, which is of general ap- 
plication when the boundaries consist of concentric or noncon- 
centric circles, hyperbolas, or ellipses. The method makes use 
of the known functions which express the required singularities 
at the load points, appropriate to each of the two classes of 
problems considered. These functions are discussed briefly as 
follows: 

In the Poisson-Kirchhoff theory of bending of thin plates (1, 2),* 
the stress couples and shears per unit length of arc are obtained 
in terms of the deflection w of the middle surface of the plate, w 
being a solution of the equation © 


where V4 = 04/dx* + 204/dx70y? + 04/dy?, p is the transverse- 
load intensity, and D = Eh?/12(1 — +) is the plate “flexural 
rigidity.” The following function gives the defiection in the 
neighborhood of a concentrated transverse force 


This function is the singular part of the Green’s function for a 
thin plate. It represents the deflection due to a transverse force 
F at the origin of co-ordinates r, 0, since the resultant of the verti- 
cal shear forces over any curve enclosing the origin is —F. 
Moments and shears per unit length of are corresponding to 
Equation [2] are infinitely large at the origin. When plates of 
any shape and type of edge support are acted upon by concen- 
trated transverse forces, the solution w consists of the foregoing 
function together with other functions, which are solutions of 
V ‘w = O and are so chosen that the edge conditions of the particu- 
lar problem are satisfied. 

In the case of problems of plane stress or strain, the following 
stress functions specify the stress in the neighborhood of concen- 
trated forces 


F 
{3} 


x= — +P r log r cos @...... [4] 
Both of these expressions represent the stresses due to a line 
force F per unit thickness placed at the origin of the polar co- 
ordinates r, 6, and acting in the positive direction of the initial 
line, @ = 0. Equation [3] gives Michell’s “simple radial distri- 
bution” (3) in which 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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2F cos @ 

= = 0 


All lines passing through the origin are free from stress, while the 
force resultant of the stresses on any semicircle with its center at 
the origin is equal to —F, in the direction of the initial line. 
However, the expressions for the displacements contain terms 
proportional to @ sin 6, @ cos 6, so that, if the displacements are 
not to be many-valued, the value of @ must be restricted to an 
interval, a < 6 2x—-a. Equation [4] defines a stress system 
such that the force resultant of the stresses on any circle with 
center at the origin is equal to —F in the direction of the initial 
line. However, the displacements corresponding to this func- 
tion are single-valued for any range of 8. Both Equations [3] and 
[4] lead to infinite values of stress and displacement at the origin. 
Solutions of plane-strain or plane-stress problems in which con- 
centrated forces act normal to boundaries of any shape must con- 
sist of either function, Equation [3] or Equation [4], to give the 
required singularities at each load point, plus other stress fune- 
tions chosen so that the particular boundary conditions are satis- 
fied. 

One method which has been employed in problems of plane 
strain or stress, when concentrated forces are applied to bound- 
aries, is that of expressing the stress distribution on the boundaries 
corresponding to the concentrated force as a Fourier series, 
in an angular co-ordinate appropriate to the problem. The re- 
quired stress distributions on Ait boundaries can then be obtained 
by applying the known trigonometric series expressing the most 
general form of stress function in the co-ordinate system used. 
General stress functions have been developed in polar (4), ellip- 
tic (5), and bipolar co-ordinates (6), so that this method could be 
applied to problems in which boundaries are conveniently ex- 
pressed by one of these co-ordinate systems. 

An example of the application of this method is the solution by 
Filon (7) of the problem of a thin circular ring with isolated forces 
applied to the inner and outer edges in several ways. A general 
difficulty of this method, however, is the slow convergence of the 
series in the neighborhood of the forces, which makes numerical 
evaluation tedious if notimpossible. This difficulty may be over- 
come, as was done by Filon in the case of the circular-ring prob- 
lem, by summation of the slowly convergent part of the solutioa, 
but in other than polar co-ordinates this is generally not possible. 

The method here presented avoids the difficulties of slow con- 
vergence by the use, in finite form, of the concentrated force func- 
tions appropriate to either plane problems or plate problems. It 
is shown how these functions may be readily expanded in the form 
of trigonometric series in a suitable co-ordinate system. Then by 
the addition of an auxiliary function, expressed as a trigonometric 
series in the same co-ordinates, the required values of stress or of 
displacement on the boundaries may be obtained. 

This method is suitable for problems in which the boundary 
curves are expressed by the constancy of a co-ordinate of one of 
the three co-ordinate systems: polar, bipolar, or elliptic co-ordi- 
nates. The types of boundary curves conveniently expressed by 
these co-ordinate systems: are, respectively, concentric circles; 
nonconcentric circles (or a circle near an infinite straight line, or 
two circles of any radii and center distance); and hyperbolas or 
ellipses. The reason for the limitation of the method to problems 
in which one of these systems is employed is that, in each of these 
systems, the typical potential functions have the form 


@ = e~" cos 


= e~" sin nB 
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while the rectangular co-ordinates are given by functions of the 
type 
t= fila) cos 8 


y = sin 


Therefore, the typical biharmonic functions in these co-ordinate 
systems have the form 


cos n 
= rm = gi(a) cos 


X= cos nB 
yd = go(a) sin 8 


Thus, the typical harmonic and biharmonie functions may be 
easily written as trigonometric series in the curvilinear co-ordinate 
8. 


1——-APPLICATION TO TRANSVERSE BENDING OF PLATES 
CLAMPED CrrcuLaR PLate Wirra NONCENTRAL ForcE 


A plate problem whose solution is known will be solved first a+ 
an illustration of the present method. This is the problem of « 
clamped circular disk loaded by a transverse force at an arbi- 
trary point. The solution was first obtained in series form by 
Clebsch, and is quoted by Timoshenko (8). The solution was 
also obtained in finite form by Michell (9). 

We write as the general form of solution 


8rD 
r? log r, + w'(r, 0)...... 
Here the term r,? log m gives the necessary singularity at the 
point of application of the force F (see Fig. 1), where r, is distance 
from the load point, while r, @ are polar co-ordinates with origin 
at the center of the plate. The term w’(r, 6) is an auxiliary func- 
tion, satisfying Vw’ = 0, which enables us to obtain the bound- 
ary conditions. 


Fig. 1 Crampep PLate LoapEep py NONCENTRAL Force 


We now write the term r;? log r; in terms of r, 6, and express ou’ 
result as an infinite trigonometric series. Two series are re- 
quired, one valid for r < a and the other for r > a. The poin' 
P(a, a) denotes the load point, while P(r, 6) is any point of the 
plate. We use the relation 


ry? = r? + a* — 2ar cos (@ — a) 


Regarding OP, PF, OF as vectors specified by the complex var'- 
able z = z + iy = re“ 
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OP =z = re” 
_OF = = 
PF =%-—2z = ne” 
It ‘ollows that 
log = Rellog PF] = Re[log (z —- z)) 


here Re denotes the real part of the expression in brackets. To 


obtain the series for r < a, we write 


1f/r\" 
= log a — > 2(:) cos n (6 — a) 
n\a 


ry? log ry = [r? + a? — 2ar cos (@ — a)] {og a 


cos n (0 
a 


1,2.. 


We obtain, after reduction, the series 
(r <a) 


log = (a? + r*) loga + r? 
lr? 
rarloga — — ar cos —- a) 
2a 


The corresponding series for r > a is obtained by writing 2 


+ FP = 2, where FP = r,e'*’ 


log = Re[log FP] = Re E (: 


The following series is obtained 


(r> a) 
1 a 
logrs = a8 + loge + | —ar—} 
2ar log r | cos (8 — a) + a? —-——|{- 
n(n—1)\r 
n=2,3.. 
n(n + 1) cos n GPs 


We now have to determine the auxiliary function w’(r, 0). This 
must be biharmonic, in the form of a trigonometric series in 
r, 6, which together with the series, Equations [6a] and [60], 
satisfies the boundary conditions. These are that at the clamped 


edger =¢,w = ag 0; while at r = 0, w and its derivatives must 


be regular. A suitable function, satisfying Vw’ = 0, is 
w'(r, 6) = Ryo + > R,(r) cos n (@ — a) .... [7] 
n=1,2.. 
where 


Ry = Ao + Bor? + Cy log r + Dor? log r 
R, = Ayr + Byr* + + logr 


For n = 2 
R, = A,r" + + C,r**? + Dr 


The constants A,, B,, etc., are to be determined by the boundary 
conditions. 
To satisfy the conditions at r = 0, we must have 


C=-D=C, =D, = 8B, = D, =0 


The conditions at r = ¢ require 


c? — 2 
Ay = — log c 
a’ 1 
B= — 


a’ 
A, = + 2a loge 

c 
B, 

eLn\ec n—l1\e 
1 
n\e n+1\e 


The complete solution is therefore 


(r < a) 
+ r*)(c? — a’) 
2 
(a + log = + 
| + — a log cos (6 — a) 
+ 1) a?— ne 
n=2,3.. 
pute n 1 & 
.... [8a] 
(r >a) 
8xD r + c*)(c? — 
(a* + 1%) + 
4 , 2r(c?—a*) (2c? — a?) 


a” 
+ — ne? + (n — 1)r? 


n=2,3 


n(n — 1) a*r? 1 n—1 


This result is the same as that of Clebsch quoted by Timoshenko 
(8).4 


4 There is a discrepancy which is obviously due to a typographical 
error. Timoshenko gives log . cos (@ — a) in the series forr << a 
instead of log cos (@—«). The former would lead toa singularity 


in oe at r = 0, which is inadmissible. 
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LarGE CLAMPED AT INNER CIRCULAR BOUNDARY 


The solution of the problem of an infinitely large plate clamped 
at an inner circular edge, with outer edge free, and loaded by a 
concentrated force at an arbitrary point, will now be obtained. 
From this result the solutions are found for finite ring-shaped 
plates, with the concentrated force applied either at the outer 
edge or at any point between the edges. 

Taking first the case of the infinite plate, we write, as in the 
problem just solved 


8rD 

w =r log + w'(r, 6) 
where, as before, r; is the distance from the load point F, r, 6 are 
polar co-ordinates with origin at the center of the inner circle 
(see Fig. 2), and w’ is a biharmonic function such that the required 
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Fie. 2) Lyrinite PLate at 


edge conditions are obtained. The term r,? log 7; is taken in the 
form of Equations [6a], [6b], and the auxiliary function w’ as 
given by Equation [7]. The boundary conditions at the 


clamped edge (r = b) are w -* = 0. At the outer edge 


(r — ) the conditions are 


oM 
=0 


where M,, M,, are bending and twisting moments, respectively, 
and Q,, is the shear force, all taken per unit length of arc; the 
co-ordinate axes n, ¢ being normal and tangential, respectively, to 
the edge. These conditions are easily obtained in the case of an 
infinitely large plate, the solution being independent of the par- 
ticular boundary curve of the outer edge. To satisfy the condi- 
tions at the outer edge, we must have Bp = B, = A, = C, = 0, 
D, = —1, D, = 2a. To satisfy the conditions at the clamped 


edge we require : 
= 20g (1 + og — (ot + 09 log a — 
a 
Co 
a 
A, + 


b4 
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Substituting these values in the general solution, and introducing 
the dimensionless variables 


r a 
q b 
the following solution is obtained 
(r <ap< q) 
) 


(log + 1)(p*— 1) — [o? + 1 + 2logq] log 


1 1 


+ 2gp log p | cos 6 + 
2,3.. 


n(n + 1)” n+1/° 


(9a) 


(r >a,p> q) 


= 1 — (q? + 1) logg + (qg?@—1 


— 2 log q) log p +f (q~' —q + 2g log q)p 


1 1 


> .. [9] 


qt gg ) 
+(¢ n(n+1) n+1 
It may be verified that the foregoing result satisfies the boun- 


dary conditions and that the two solutions Equations [9a] and 
[9b] have proper values at the load circle r = a. At this circle 


the functions w, =, M, are continuous, but the shear resultant 


1 
V, Q r 200 
is discontinuous due to the presence of the force. It may be 
checked that the solutions, Equations [9a], [9b] give, in the 
limit as r approaches a 


Ff 
lim | | E + cos 
r->a wa |_2 


This is the Fourier series representing the concentrated force FP 
as a line loading on the circle r = a. 

The series appearing in Equations [9] may be summed, the 
series terms all being similar to the following 


cos 


> 
n(n—1) 
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INFINITE PLATE: 


DEFLECTION ALONG LINE, y = 0; q = 2 
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Fie. 4 Inrinitre Benpina Moments Line, y = 0; = 2 


a 
wherez = - <1. Writing z = ze® this is given by 
r 


S,; = p*Re[(1 —z) log (1 — z) + 2] 


where Re denotes “real part of.” After summing, by methods 
similar to this, all the series terms in Equations [9], the following 
expression is obtained for both Equations [9a] and [9b] 

q? + p? — cos 

1 + — 2g cos 

+ (gq? — 1) log p + (p? — 1) log q — 2 log q log p. . [10] 


Curves showing the deflection w along the central line (@ = 0, 


1 
+ — 240 cos 6) log 


r) are given in Fig. 3, for g = = = 2. The deflection under the 


load is given by 


Fb? 
w(a, 0) = 4D log q(q? — 1 — log q) 


The slopes at great distances from the clamped edge (neglecting 
terms in g/p compared to unity) are 


ow Fb 1 ow 

7—1+4+— — 

* a( to by 

These show that the deflection surface of the plate, far from the 
clamped circle, is a plane inclined to the undeflected surface. The 
strain energy of the plate is concentrated in a relatively small 


region including the clamped edge and the load point. 
Curves* showing the bending moments M,, M¢, on the central 


5 In all calculations Poisson’s ratio v has been taken as 0.3. Expres- 
ng for bending moments and shears are given in reference (2), p. 
9, 


line (@ = 0, x) are given in Fig. 4, forg = 2. Plots of Q,, V, on 
the same line are given in Figs. 5, 6. The variation of M,, Q, 
along the clamped edge (r = 6) is shown in Figs. 7, 8. The 
curves of Figs. 9, 10 show the maximum values of the bending 
moment M, and shear Q, (at r = b, 6 = 0) as functions of g = 
a/b; these are given by the following expressions 


P 
(M,)max = = (1 + @ + log q) 


F (1+)? 


The finite form of the solution of this problem suggested that 
it might be obtainable directly, rather than by the series method. 
This was found to be the case. In Appendix 1 is outlined a solu- 
tion of the problem by means of an inversion transformation, 
making use of the solution of Michell for the problem of a clamped 
circular plate loaded by a noncentral transverse force. 


So.utions For PLates WitH FInITs 
Ovrer Rapivs 


The solution for an infinite plate, Equation [10] can be used to 
obtain solutions for ring-shaped plates of finite outer radius, 
with the force applied either at the outer edge or at any point 
between the inner clamped edge and the outer edge. The first 
case, in which the force is applied at the outer boundary, was 
solved by H. Reissner (10). The method used by Reissner was 
that of applying directly the general series solution, Equation 
[7], and determining the constants A,, etc., so as to obtain the 
required conditions at the inner and outer radii, which are as fol- 
lows 
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=) ) 
| (w)r=b = (= =0 
| (M,)r=a 0 
Ho 


where 6, a are inner and outer radii, respectively. However, the 
same results can be obtained by making use of the solution just 
found for the infinite plate, in closed form (Equation [10]), to 
express the singularity in V, at the outer edge. This solution, 
when evaluated at r = a, (p = q), leads to shears V, in addition 


Fic.5 SHear Q, Avono Ling y = 0 to those corresponding to the force F, and to a distribution of 
(Infinite plate, q = 2.) bending moments M,. These additional shears and moments 
2s ,—— | 


~ 
oh 


— 


Fie.6  Inrtnire Plate: ResuLTaNT SHear V, ALonG LINE y = 0; = 2 


Fic. 7 Brenpinc Moment at CLAMPED EpGE, r = b Fie. 8 at CLAMPED EpcE, r = b 
(Infinite plate, q = 2.) (Infinite plate, gq = 2.) 
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Maximum BenpInc Moment (M, at r = b, @ = O) as 
FUNCTION OF g = 


Rati Distance of Force From Center of Clamped Circle 
atio ———— 


hia. 


Radius of Clamped Circle 
(Curve a, infinite plate; Curve 6, force applied at edge of plate.) 


may be expressed as trigonometric series by evaluating the series 
form of solution of the infinite-plate problem, (obtained for 
r <a), Equation [9a], atr = a. They may then be annulled by 
applying the general series solution in polar co-ordinates, and 
determining the coefficients A,, etc., so as to give conditions, 
Equations [11]. In this method, the shear and moment distri- 
butions which must be annulled by the general series solution are 
small and are rapidly convergent, and the contribution to the 
moments and shears in the plate of the auxiliary solution is small 
compared to that of the infinite-plate solution, which is easily 
calculated since it is given in finite form. Hence the labor of the 
calculation is probably considerably less than that required in 
Reissner’s method, in which the general series solution is itself 
employed to obtain the singularity at the outer boundary. 

The solution of Reissner’s problem, using the present method, 
is obtained as follows: We take the solution in the form 


where w, is the solution previously obtained for an infinite plate, 
given by either Equation [9a] or Equation [10], and w, is the 
general biharmonic solution, Equation [7]. The function 2 
leads to the following expressions for M, and 

1 +6 


on the circle r = a(p = q) 


(Mn), = — (1 + 2 log 
r 4 


1 
+ (1 — q~*)? cos 6 + 


+ ong -) | + nq — ro) cos no} [18a] 
1 
Va) = — 
(Vn) +34) E n+ 1 
1,2.. 
+ n*(q — cos not paneer 


The arbitrary constants of the auxiliary solution w: are now 
determined so as to annul the foregoing expression for (M..), and 


2 


Fic. 10 Maximum SHEAR (Q, aTr = b, @ = 0) AS FUNCTION OF = 

Distance of Force From Center of Clamped Circle 
Radius of Clamped Circle 


Curve a, infinite plate; Curve 6, force applied at edge of plate.) 


Ratio 


to annul all but the first two terms in the expression for (V1). 
which express the required singularity due to the applied force at 
the outer boundary. In addition, the conditions (w2)--) = 


() = 0 must be satisfied. After solving for the constants 
r=b 


A,, B,, ete., and substituting in Equation [12],the following com- 
plete solution is obtained 

8xD q? + p? — cos 

—— w = (q? 2 2, 6) | 


+ 2(p?— 1) log q + 2(q? — 1) log p — 4 log q log p 


1 
+ — 1) loge + 5 


J LA Be + + 2log + +21 | 
1+» + (1 —»v)q-? 
| 


(1 —p?+ 2] 
X (p? — 2p + + — 


p log p) (cos 8 + 


n=2,3.. 


Here the constants K,, L, (nm ? 2) in the series expression are 
the solutions of the pairs of simultaneous equations 


+ = an 
where 
1 
= —2 gt ng 
1 
1 
hala) = tg ting — 
1 
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The maximum values of M, and Q, for this problem (occurring 
at r = b, @ = 0) are shown in Figs. 9, 10, as functions of q = a/b. 
These maximum values are given by the following expressions 


F 1 
(M,) mx = + q + log —= 
2 


4 1+»+ (1 
L.) 
3,3... 
[16] 


—4 nk [17] 


2,3... 
where the constants K, L,, 
etc., are determined by Equa- Fo 2 (q* + 9? — 2gp cos 6) log 


tions [15]. As anexample of 
the relative magnitudes of 
the contributions from the 
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The solution of the problem of a ring-shaped plate, clamped at 
its inner edge r = b and free at the outer edge r = c, and loaded 
by a concentrated force at any point r = a, where b < a < c, may 
also be obtained by modifying the solution for the infinite plate 
previously found. The required solution is the sum of the in- 
finite-plate solution, Equation [10], and the general series solu- 
tion, Equation [7], where the arbitrary constants of Equation [7], 
are now determined so as to give the conditions 


ow 
= = 0 
(M,)r—c= 0 


10Mré 


The typical curves for M,, V, (Figs. 4, 6) from the infinite-plate 
solution show that these both decrease rapidly to zero beyond the 
load point. Hence, in the solution for plates with finite outer 
radius, the contribution from the auxiliary solution, required to 
annul M,, V, on r = c¢, will be small compared to that of the 
infinite-plate solution, unless the outer edge is very close to the 
load point. 
The complete solution is 


w= + w’ 


where w, is the infinite-plate solution, given by Equation [10] 
and w’ is taken in the form of Equation [7]. 

The distributions of M,, V, which must be annulled are ob- 
tained from the series form of the infinite-plate solution, valid, 
forr > a(p > q), Equation [9b]. These are evaluated at r = ¢ 
(9 = c/b = 8), and annulled by means of w’. After calculating 
the constants A,, B,, etc. and simplifying, the complete solution 
is found to be 


q? + p* — cos 8 
1 +. — cos 


+ (q? — 1) logp 


infinite-plate solution cos 6 
and from the auxiliary func- +2 +9 

tion we, the calculation of 

(M,) max for the case q = a/b = 

n+l n(n+ 1) n(n — 1) n—l n 


F 
(Mn) max = (—5.81 10) 
2x 


F F 
(Mr) mx (0.3629 + 0.7915 + 0.1342) = (1.2887) 


—4.522 
; 2x 
(This is the case calculated by Reissner, who gives the value 
{M,] max = —4.45F/2x). The contribution of all the series terms 
for n 2 2 (0.1342) is less than 3 per cent of the value of (47,) max. 
It is interesting to note that the maximum bending moment found 
forthe case when the force is applied at the outer edge is considera- 
bly greater than that found for the case when the force acts at 
the same distance from the clamped edge, but the plate extends 
a largé distance beyond the load point (for example, for a/b = 


2 
1.5, these values are - (M,) max = —4.522, —2.905, respectively). 


The intermediate cases, when the outer circular edge is at a finite 
distance from the load point, will be considered below. 


where p = r/b, q = a/b, 8 = c/b, and the quantities P,, Q, are 
determined from the simultaneous equations 


SF. = 

h,P, + = Vn } {20} 
where 
Sn(8) = —2 + ns~? 


9n(8) = 4 (n + +2 ng 


1+ p 


h,(8) + s-*—ns-?— 4 n 


bt? + (n + 
v 


k,,( —g 
8) 8 0 


—2—n 2 
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+ [(n + ng™| rl 


+ + Dg? — — 


The maximum values of M,, Q, (at r = 6, @ = 0) are given by 
the following expressions 


qg?—1—2logq 


F 
(M,) — {—a +q+lgq — 


1 
2, 3.. 


1— 


n(P,, + Q,).. [22] 
2,3... 


The interesting feature of the curves of Figs. 11, 12, which show 
these maximum values as functions of s/q = c/a for the cases q = 
1.5, 2.0, is the rapid decrease of (M,) max and (Q,) max when the plate 
extends only slightly beyond the load point. For example, the 
calculation for g = a/b = 1.50, s = c/b = 1.55, gives 


; = (M,) max = —2.905 — .391 = —3.296 


so that the maximum bending moment already differs by less than 
15 per cent from the value which it would have if the plate ex- 
tended indefinitely beyond the load point (—2.905); the value of 


= (M,) max found for the case when the force was applied directly 


to the outer edge was —4.522., 


2 APPLICATION TO PLANE STRESS AND PLANE STRAIN 


The solution will now be given for the problem of determining 
the stress in an infinite plate containing an elliptical hole, loaded 
by a pair of concentrated forces acting at the ends of the minor 
axes of the ellipse. 

We require a stress function X which satisfies the equetion of 
plane stress (or plane strain), V‘X = 0, and which leaves the 
ellipse free from stress everywhere except at the load points, where 
the normal stress is infinite in such a way that the resultant force 
over an arc including each load point is equal to —F. We write 
the solution in the form (see Fig. 13) 


F F 
X =—-— 70, — — 203 + X"(z, y)....... [23] 
x 


F PF 
The stress functions — — 20, are those for concen- 


trated normal forces at 2; = ib, z2 = —ib, while X’(z, y) is an 
auxiliary biharmonic function, chosen so that the required stress 
conditions on the ellipse are satisfied. Although the stress func- 


) 
F =|20° 
2 


a 


Fic. 11 Maximum Benpino Moment (M, atr = 6b, 6 = 0) as 


FuNcTION oF c/a = 


Radius of Outer Free Edge 


Ratie Distance of Force From Center of Clamped Circle 


40 42 76 


Fie. 12 Maximum SHear (Q, at r = b, 8 = 0) as FUNCTION oF 
Raptus or OuTEeR FREE EpGe 


Distance or Force From CENTER OF CLAMPED CIRCLE 


c/a = Ratio 


tion : x6 leads to many-valued displacements, it was shown by 


Michell (3), as a result of a general theory of dislocations, that 
when these functions are written for several forces acting at a hole 
in a plate the resultant dislocations vanish, provided the forces 
are in equilibrium among themselves. In the present case the 
forces are self-equilibrating, so that the simple radial stress func- 
tions are suitable. 

In order to determine the function X’ the concentrated-force 
functions are expanded in trigonometric series in elliptic co- 
ordinates £, », such that » is an angular co-ordinate, while the dis- 
tribution of stresses over any elliptical contour will be obtained 
by assigning to the other co-ordinate a constant value, — = &. In 
particular, the stresses on an ellipse = & passing through the 
load points z = +7b are obtainable. Since the general solution 
of the biharmonic equation, V4X = 0, leads to stresses expressible 
in the same form 


og = fit) rey = 9(8) 


nn sin ny 


suitable functions of this type may now be added in order to 
annul all stresses on the ellipse & except those corresponding to 
concentrated forces normal to the elliptical boundary, at the load 
points. 

In expanding the radial stress functions, we use the conformal 
transformation 


z= ccosh¢ 


| 
20 
: 
1.55 = 
1.034 
a 1.50 


f= E+ 


| 
zx = c cosh cos 7 


y = csinh sin 7 


Hquating real and imaginary parts, we obtain the relations 


it is seen that the curves (& = & = const) tin: orm to ellipses in 
the z,y-plane with foci at x = +c, and having major and minor 
semiaxes a;, 6; equal to c cosh &, ¢ sinh &, respectively. Angle 7 
is the eccentric angle of any ellipse § = &. The curves (yn = m = 
const) transform to hyperbolas with foci at z = +c. We arbi- 
trarily restrict » to the range 0.< 9 < 2z. 

Letting X, denote the concentrated normal force function, this 
is (referring to Fig. 13) 
| T T 
dropping the term proportional ‘to x. Now the vector 
j OP = 2 + = 2, + ree’? 
= Imf[log (2 — 

= Im{log (z — 


4 i 
where Jm denotes “imaginary part Hence 


F 
X, = — xIml{log (z — 2) — log (2 — 2)] 
us 


= cosh cos 9 Tm{log ¢ (cosh ¢ — cosh 


— log ¢ (cosh ¢ — cosh £:)| 
But we can write 
1 


1 
log (1 — et = — — ete. 
n 
n=1,2.. 
Substituting, we obtain 
F 1 
X, = — cosh £ cos 9° ) es sin n(m — n) 
n=1,2.. 


1 
gin nlm + 9) + sin — 9) 
n 


—} +8 sin nim + 9) 


n f 


After introducing the values 


the foregoing reduces finally to 


X, = = {sins cosh 


n=2,4.. 


—(n+1) 
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The stresses o¢, rg, are now derived from X, and evaluated on 
the ellipse § = &. General expressions for stresses in terms of 
orthogonal curvilinear co-ordinates are as follows (11) 


J? On? OE DE On 


OE On On OF 

The quantities J, ¢ are the so-called stretch and rotation factors, 

defined by the relation 


dz ip 
dz as (Je?) dy 


In the case of elliptic co-ordinates 


dz : 
— = csinh ¢ = csinh (£ + i) 
dt 


2 
J? = (cosh 2¢ — cos 2n) 


tan @ = tan » cot — 


In elliptic co-ordinates, the stresses are given by 


2 
(cosh 28 — 008 25) 
ox 
+ sinh 2 — — sin 2y — 
” 
c de? 
[25] 
oxX ox 
sinh 2 — + sin 27 — 
of on 
2 orx 
= —(cosh —- cos 2n) 
ox ox 
+ sinh 2 — + sin 2n — 
On 


The stresses on the ellipse £, derived from the concentrated force 
functions are as follows 


1 
-4 cosh® (—1)"/2 cos nn + (—1)"/2¢- 
n=2,4.. “n=2,4.. 


Pads £) + 3 cosh 3& — cosh 7& 


\ 


+ n{ sian + sinh 5f + sinh 7% | nn. . 26a! 


Fa J( rent = —2 sinh & sinh 2g sin 2m 


oo 
where 
4 
j 
ite Ge 
| 
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Fie. 13.) Inrinitre Piate Ecuipticat Hove, Forces 
ALona Minor AXEs OF ELLIPSE 


+ (—1)"/2¢- 2née 3 cosh 3& — cosh 5£) — 2 cosh 


n=2,4.. 


+n [- sinh £ + sinh 5& + sinh sin nn. . |26b} 


As a check on these results, we note that in the limit as {& — 
1 
»,c--OQsothata = b = 3 ce®*, the ellipse reduces to a circle of 


radius ro, and the stresses (o¢) £0, (r¢n)g Should reduce to those on 
a circle of radius ro produced by a pair of forces at the ends of a 
diameter. For all points on the circle, except the load points, 
where the stresses are not defined, these stresses are as follows 


Fi 


(o,) ro = 


(rre)ro = O 
In Equations [26], in the limit as — 0, while 


l 
ce = ry = const. , we have first 


=< (—1)"/? cos nn 


n=2,4.. 


4 
P (ren) = 0 


But it may be shown that for » # r/2 # 3x/2 


(—1)"/? cos ny = 
2 


n=2,4.. 


Hence the stresses on the ellipse & reduce to the correct limiting 
values when the ellipse becomes a circle. 

The boundary conditions which must be satisfied are as fol- 
lows: (a) All stresses vanish at infinitely large distances from 
the hole; (0) at the elliptical edge (r¢»)g = 0 everywhere, while 
(o¢)t = O everywhere except at the load points and 
($0, 3%/2); here —(o¢)¢ is infinite in such a way that the resultant 
normal force on an are passing through either of the load points 
is equal to —F. The required stress (o¢)g. may be expressed as 
a Fourier series. We obtain the series in the form 
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= Ay + A,, COS nn 


n=2,4.. 


Using the conditions that og = 0 everywhere except at » = x/2, 
3/2, and that at these points 


= —F, 


3x/2+~e 
= —F 


where ¢ is an arbitrary small positive number, and ds, is an ele- 
ment of are of the ellipse — = £& 


ds, = cosh? sin? 7 + sinh? cos? 


We obtain, finally, for the required stresses on the ellipse & 


= = —4 cosh* (—1)"/? cos . [27a] 
Fe 2 ’ 
n=2,4.. 


These may be checked by evaluating the limiting case § ~ 
c 
c — 0 so that =r. The foregoing reduces to 


(o,)0 = —— + (—1)"/2 cos 
a 
2,4.. 


This result, for the normal stresses on a circle of radius ro due to 
concentrated forces F at the ends of a diameter, agrees with that 
given by Filon (7). 

We now have to determine the auxiliary stress function X’ so 
that the complete solution yields the stresses of Equations [27]. 
Subtracting Equations [27] from [26], the following stresses must 
be annulled by the stress function X’: 


2 
Jig,’ = — 


Fe — 2e— + 7%) + 2 cosh® 


(—1)"/2¢—2nt0 {2 cosh £ 


n=2,4.. - [28a] 


+ 3 cosh 3& — cosh +n | sinh + sinh 5& 


1 
+ sinh cos Nn 
2n 
= —2 sinh & sinh 2 & sin 


+ ( cosh 36 — 2 cosh Th 


n=2,4.. 


1 
cosh 5& +n [ sion + sinh 5& 


+ 7% |} sin ny 


The typical harmonic solutions, i.e., solutions of 


| 
| 
— 4 - = -— x 
} 
© 
| 
| 
[280] 
| 
On? 
.. 
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are ¢ = e *% cos an, e ** sin an where ais a constant. The general 
biharmonic solution is made up of harmonic functions, together 
with biharmonic functions z¢, yd. The typical biharmonic solu- 
tions in elliptic co-ordinates are easily obtained by substituting 
the appropriate expressions for z and y (11). 

Of the eight characteristic harmonic and biharmonic solutions, 
only the following yield stresses of proper symmetry in the present 
problem 


X = Ble“ cos nn + cos (n + 2)n]... . [290] 


where A, B are arbitrary constants, and n is an even integer. 
Using Equations [25], these functions yield stresses as follows 


2 n(n — 1) n(n+1) _ 
A +B 3 =| 


cos (n — 2)n + cos + n sinh 2£) 


e~€ (n® cosh 2¢ 


n(n — 1) 


+ (n + 2) sinh 29] +{4 [30a] 


2 
n(n — 1) —2¢ 
+B — (n + 2)* cosh 2¢ 


(n + 2)(n + 4) 
2 
cos (n + 4)n 


—nsinh2¢ cos (n+ 2)n+B 


2 
sin (n — 2)n + cosh 2¢ + n sinh 


+B 


— e~7§ n sinh sin + 


2 
+ 2)(n—1) 
2 


— e~*tn(n + 2) cosh 2¢ 


[300] 


€— n(n + 2) cosh 2¢ 


n(n + 1) 
2 


sin (n + 4)y | 


+B 


— (n + 2) sinh 2] (n+ 2)n +B 


2 n(n + 1) (n+4)(n+1)_ ) 
,Jte on | A B 


cos (n — 2)n +4 cosh + n sinh 2¢) 


2 


+ (n + 2)% cosh 2|} cos nn [30c] 


nt cosh 26 + nsinh 2¢| (n+ 2)n 


— + 1) 
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The special solution 


also yields stresses of the required symmetry as follows 


= Ao sinh 2¢ 


2 
= Ag sin 2n > 


2 ; 


In order to annul the stresses on the ellipse { expressed by 
Equations [28], we take 


X’ = Apt + cos nn + cos (n — 2)n 
n=2,4.. 


cos ma} 


The constants Ao, A,, B, are determined by solving simultane- 
ously the infinite number of equations which express the condi- 
tions that the stresses of Equations [28] are annulled, term by 
term. These equations are of the type 


a,An—2 + + CrAn+2 + d,Bn—4 + €,Bn—2 
+ + 9nBn+2 = 
G,An—2 + b,Ag + + 4,’Bn—4 + 
+ + On'Bn+2 = —9,' 


where a,,..., 6,..., etc., are constants for a given ellipse, i.e. for 
a given value of &, while q,, ¢,’ are the coefficients of the nth 
terms in the series for c¢", rt)” given by Equations [28]. 

In the numerical evaluation of the constants, the following 
method of successive approximations has been found successful: 
The terms for n = 0, 2 of Equation [33] are first used as a partial 
stress function X,’, and evaluated so that the terms in n = 0, 2 of 
Equations [28] are removed. The stress function X,’, containing 
three constants Ao’, A:’, B,’ determined in this way, contributes 
new stresses proportional to cos 4, sin 4n. Next, a partial stress 
function X,’ is used, consisting of the terms for n = 4 of Equation 
[33], and constants A,’, By’ evaluated so as to cancel the total 
stresses proportional to cos 4n, sin 4n due both to the original sys- 
tem of stresses to be annulled, and to the partial stress function 
X;,’. The second stress function X;’, however, contributes new 
stresses of order n = 0, 2, 6. Further partial stress functions 
X;,’, X;’... are next evaluated so as to cancel, successively, the 
terms in 6n, 8n, ..... The system of functions X,’, X3’.... 
replaces the original stresses which were to be annulled witn a 
new set of stresses which, because of the numerical relationships 
of the terms of the general solutions, Equations [30] and [32], 
are smaller than the original values. By repeating this process, 
the “residual” stresses may be reduced to any desired values. 
The required auxiliary stress function is the sum of all the partial 
stress functions evaluated in this manner. 

Calculations have been made for two ellipses, having & = 0.5, 
0.25, respectively (corresponding to minor and major axes in the 
ratios b/a = tanh & = 0.462, 0.245, respectively). The impor- 
tant stresses, (aside from those at the load points, which are not 
defined in the present analysis), are the tensile stresses on, on the 
line y = 0 (coinciding with the major axis of the ellipse). These 
stresses are shown in Fig. 14, together with the corresponding 
stresses for a circle of radius a equal to the semimajor axis of the 
ellipses. 
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The complete solution for the case of a circular hole in an in- 
finite plate, loaded by two forces at the ends of a diameter, (or by 
any number of concentrated forces placed symmetrically around 
the circle), is given in Appendix 2. It has been verified that the 
areas under the curves in Fig. 14, converted to proper units, have 
the value F/2, within the accuracy of the plots. The curves indi- 
cate that these tensile stresses are sharply localized near the ends 
of the major axis of the ellipse, and that their maximum value in- 
creases rapidly as the ellipse becomes flatter. 


+ 
| 
2s) | | 
‘ | | 
| 
| 
= ze 25 
a= 


Vic, 14 Stresses Line or MaJsor Ax18 


or ELLIPsEe 
(a = semimajor axis of ellipse.) 


Fig. 15 is a plot of the maximum tensile stress as a function 
of the ratio b/a of the ellipse. However, the present method 
cannot be applied easily when the ellipse is very flat, correspond- 
ing to & much less than about 0.25, since the series (Equations 
(28]), expressing the stresses to be annulled, then decrease very 
slowly, and the numerical solution becomes extremely laborious. 
The solution in its present form is therefore not suitable for 
investigating the limiting case when the ellipse is narrowed to a 
line or “crack.” 


Fig. 15 Variation oF Maximum TENSILE Stress b/a = 
Ratio or Masor TO MINOR Axis OF ELLIPSE 


In conclusion, it may be noted that problems of concentrated 
moments could be treated in the same general manner as those of 
concentrated forces. It may be readily verified that the fune- 
tions expressing the singularities are 


M 
w = —— rlogr cos 0 


(Transverse bending) 


M 
(Plane stress or strain) X = On 6 


These are analogous to Equations [2] and [3], respectively. 
Moreover, the solutions obtained for concentrated forces yield 
those for concentrated moments by differentiation. For example, 
the solution of the infinite-plate problem, Equation [10], may be 
written as 


w = F¢(a) 


where a is the radial co-ordinate of the load point. Then the 


corresponding solution for a moment M is 


w= in} Feta Fea) =M 
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Appendix 1 


The following is a solution, based on the transformation of 
inversion, of the problem of a large plate clamped at a circular 
edge and acted on by a concentrated transverse force at any point. 
The inversion transformation is a conformal transformation de- 
fined by the equation 

a? 
2’ = 


2 

where 
, , +10" 10 
+t’ + = re 


and a (the “‘radius of inversion’’) isa real number. It is seen that 
the transformation consists of an “inversion” of the modulus, 
r’ = a?/r, plus a reflection about the real axis. 

The properties of this transformation which are useful in the 
present problem are the following: If X is a biharmonic function 


in the r,9-plane, then r’2X is biharmonic in ther’, 6’ plane. Thus 
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w is a deflection function in the r,@-plane, r’*w is a deflection func- 
tion in the r’,@’-plane. The slopes in the r’,@’-plane are equal to 


2a? a‘ Ow 
r or 
a? Ow 
1 
Hence a boundary along which w = — oe = = 0 (ie, a 
or r 00 


clamped edge), in the r,é-plane, transforms into a clamped edge 
in the r’,6’-plane. 

Another useful property of the transformation is the fact that 
circles transform into circles. In particular, a circle in the z-plane 
with center on the real axis, distance c from the origin and having 
a radius 6, transforms into a circle in the z’-plane whose corre- 
sponding values are 


c’ = [a*/(c? — b*)]c, b’ = [a?/(c? — b*)]b 


For example, when the circle passes through the origin (c = 6), 
it transforms into a straight line. Again, if a? = c? — b?, the 
circle inverts into itself. Michell (9) obtained in this way the 
solution for the deflection of a clamped circular plate loaded by a 
concentrated normal force at an arbitrary point. A second inver- 
sion leads to the solution of the present problem. 

Michell’s solution utilizes the following result for the deflection 
of a clamped circular plate loaded by a central force 


F 
The inversion is performed with respect to a point 0 outside the 
plate, so that R’ = a*/R, where R, R’ are distances from 0 to 
points P, P’, respectively (see Fig. 16). Taking a? = b‘/e? — b?, 
c = b?/e, the following result is obtained for the deflection of a 
clamped circular plate loaded by a force F at a distance e from the 
center of the circle 


pb 1/R’e? 


where the co-ordinates p, R’ are as shown in Fig. 16. 

If we now perform a second inversion, this time taking the 
center cf the circle 0 as the center of inversion (see Fig. 17), and 
the radius of inversion equal to the radius b of the circle, then the 
aroa within the circle transforms to the infinite area outside the 
circle. The load point F transforms to F’ at distance a from 0, 
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while P transforms to P’ at distance r from 0 ,;where a = b?/e, r = 
b?/r’. Since in the previous transformation ¢ was equal to b*/e, 
we have now a = c, so that F’P = R’. Thus we now have the 
case of an infinite plate clamped at a circle of radius b and loaded 
at distance a from the center. Using the relations 


b? 
Rt = — + a? — — cos 0 


and changing to the dimensionless variables p = r/b, gq = a/b 


+ p* — 29 cos 6 
1 + — 2qp cos 


Fb? | 
2 
u 16 (q? + p 2qe cos 9) log 


+ — 1)(o* — 1) 


This result satisfies the conditions at the clamped edge, and gives 
the necessary singularity at the load point. However, the condi- 
tions required at the outer free edge are not satisfied, since the 
foregoing solution leads to a uniform bending moment at large 
values of p, equal to 


M, = Me = ——(1 + 


)(g? — 1 — 2 log g) 


This bending moment can be removed by adding a function w 
such that 


ow’ Fb? Cc 
20(q 1 —2 log o|+s 


w’ —p(q? — 2 log + log p + 
16xD 110 p + Ca 


Evaluating the constants a, C; so that the conditions at the 
clamped edge are satisfied, we obtain, finally 


Fb? 


~ 8xD 


+ p* — cos 8 
1 + q%p* — 2qp cos 


w 13 + 08 log 


+ (gq? — 1) log p + — 1) log q — 2 log q log » 


This is the result, Equation [10], found by the series-expansion 
method. 


Fie.16 Crrcurar Plats CLampep atr = b: INVERSION TO OnTAIN 
Der.ection Dug To NONCENTRAL Force 


Fig. 17) Pirate at r = b: INVERSION TO OBTAIN 
Dertection Due To Force at ARBITRARY Pornt oF PLATE 
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Appendix 2 


Problems in which any number of equal concentrated forces are 
placed symmetrically around the edge of a circular hole in an in- 
finite plate (the forces lying in the plane of the plate and acting 
normal to the edge) have simple solutions in finite form. If the 
stress functions for the simple radial stress distribution are added, 
for the given arrangement of forces, the shear stress on the load 
circle is found to be zero, owing to the symmetry of loading. 
The normal stress on the load circle due to the combination of 
simple radial distributions is easily shown to be given by a = 
nF /xd where n is the number of symmetrically disposed forces 
each equal to F, and d is the diameter of the hole. 

This uniform tensile stress may be annulled by adding the 
stress distribution corresponding to the stress function X’ = 
A log r, namely 

= 


= 0 oo’ = —Ar-* 
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where r is distance measured from the center of the hole. In the 
case of two forces at the ends of a diameter (a limiting case of the 
elliptical-hole problem previously solved), we have op = 2F/xd = 
F/xry (where ro is the radius of the hole), and A = —Fr)/x. In 
terms of z, y co-ordinates, taken as shown in Fig. 13 of the paper, 
the stresses on the line y = 0 are given by 


4F- rg x? Fro 1 

(oz)y=0 


ry + ro)? 


The maximum tensile stress (at z = 79) is (¢,),0 = 2F/xr. Simi- 
lar results are easily obtained for any other number of symmetrical 
forces. 


= 
4 a 
2 
~ 
> 


Buckling Under Locally Hydrostatic Pressure 


By G. H. HANDELMAN,! PROVIDENCE, R. I. 


The instability of a simple pin-supported beam when 
subject to a locally hydrostatic pressure distribution, the 
intensity of which is a function of distance along the beam 
only, is discussed in this paper. In particular, the pres- 
sure is assumed to follow a polynomial law given by Equa- 
tion [1]. The problem, basic assumptions, and precise 
definition of locally hydrostatic pressure are stated in the 
first section of the paper. The second section contains a 
discussion of the equations of equilibrium from which the 
basic differential equation is derived. The solutions of this 
differential equation satisfy the boundary conditions only 
for certain discrete values of the parameters involved, and 
these values in turn define the buckling loads. In the third 
section the buckling loads are tabulated for several cases 
in comparison with the buckling loads for the same beam 
subject only toanend thrust. The appendix contains a 
mathematical discussion of the solution of the basic differ- 
ential equation and a derivation of the formula for the 
buckling loads. 


INTRODUCTION 


MONG the various types of loading of a simple beam with 
A pin ends which might produce instability, the case of 
loading by locally hydrostatic pressure does not appear to 
have been discussed. By a locally hydrostatic pressure distri- 
bution is meant one in which the intensity of the pressure is a 
function of the distance along the center line of the beam only. 
Such a distribution is a generalization of the linear pressure dis- 
tribution which arises when a prismatic bar is placed vertically 
in a heavy liquid. This paper is concerned, then, with the 
buckling of a thin, uniform, prismatic beam with pin supports 
under such a loading. 

Let the origin of co-ordinates be taken at one of the pin sup- 
ports, the z-axis directed along the undeformed center line of the 
beam, and the y-axis vertically upward as shown in Fig. 1. The 
length of the beam is denoted by / and the area of the cross sec- 
tion is A. The pressure distribution p(x) is assumed to be given 
by the following law 


where pp is the head pressure, the pressure at x = 0, m is 
non-negative, and k is a constant with values in the range 0 
to 1. When m = 1, Equation [1] reduces to the linear case 
mentioned. 

As indicated by the choice of co-ordinate axes in Fig. 1, the 
slider is assumed to be at the high-pressure end of the beam (z = 
0). It will be shown in a later section that if the role of-slider 
and simple pin support are reversed buckling cannot occur. 
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EQUATIONS OF EQUILIBRIUM 


Consider a small element in the deformed state subject only to 
a pressure distribution of the locally hydrostatic type, Fig. 2. 
Since the element is small, the variation of the pressure along 
the portion of the center line considered, ds, can be neglected. 
The element would be in equilibrium if additional uniform pres- 
sure distributions p were added to the faces as shown in Fig. 2. 
Since these additional pressures are not present, the resultant 


ds— _; 


\ 


~ 


force produced by the pressure which does occur must be equal in 
magnitude and opposite in direction to that produced by the 
added pressure. The face pressures are equivalent to a force 
pA, acting normal to each of the two cross sections which bound 
the element; and these forces have a resultant pAdg = pAds/R 
acting along the normal to the cénter line in the direction of the 
convex side (#? is the radius of curvature of the center line). 
Consequently, the pressure distribution which does act on the 
wedge has a resultant of magnitude pA ds/R directed along the 
normal to the center line pointing toward the concave side. 

The equilibrium conditions for an element of the beam under 
the complete system of forces acting can now be set up under 
the assumption that the deflection, y = y(x), is small. On the 
basis of the result just obtained the element is subject to a re- 
storing force pA ds/R = —pA d*y/dzx*, for small deflections, act- 
ing in the negative y-direction as well as internal shear forces, S, 
pulls P, and bending moments M, as shown in Fig. 3. The 
equilibrium condition for components in the horizontal direction 
is 


dP =0 or P = const...............[2] 
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The components in the vertical direction must satisfy the equa- 
tion 


pAy"dx = § dS 


or 


where S’ = dS/dr. Finally, the moment equation reduces to 


Pdy + Sdxr = dM 


provided that terms of higher order are neglected. This last 
equation may be rewritten as 


Equation [4] can be simplified by differentiating with respect 
to the independent variable z and taking into account Equations 
{2] and [8], that is 


Now the bending moment M/ and the deflection y are connected 
by the usual Euler-Bernoulli law for small deflections 


where E is Young’s modulus and / is the polar moment of inertia 
of the cross section taken about an axis passing through the cen- 
troid and perpendicular to the plane of bending. Thus Equa- 
tion [5] can be written in such a way that the bending moment 
M is the only dependent variable 


+ (P — pA) — = [6] 


In addition, the boundary conditions for pin supports (namely, 
the vanishing of the bending moment at both ends) must be ad- 
ded, that is 


M(O) = [7] 


The pressure p has been assumed to follow the law given in 


Equation [1], and this must be inserted in Equation [6]. For 
the slider at z"= 0, P = poA, therefore 
m 
P—pA = kpA (7) = kP 
and Equation [6] becomes 
kP (x\™ 
M" + El () [8] 


CALCULATION OF CRITICAL PRESSURE 


The differential equation for the bending moment, Equation 
[8], can be integrated in terms of Bessel functions. Since the 
equation is homogeneous, solutions cannot be determined which 
will satisfy the boundary conditions, Equation [7], for all values 
of the parameter P. The smailest nonvanishing value P for 
which solutions of the boundary-value problem do exist defines 
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the critical pressure. The general solution of Equation [8] to- 
gether with a discussion of the boundary conditions is given in the 
Appendix. It will be shown there that the critical end force 
P., is given by the formula 


a (m + 2)? Em? EI 
4k 

where £ is the first nonvanishing zero of the Bessel function of 
first kind of order 1/(m + 2), J1/(m+2) (&). 

The critical head pressure, Por, can be found by noting that 
Por = P.,/A; thus 
_ (m+ E 
4k (I/x)? 


Pocr 


where « is the radius of gyration of the cross section. 

In the case of a simply supported beam subject to an end force 
P, the first buckling load is known to be given by P,, = xEI/I?. 
Buckling under locally hydrostatic pressure can be compared 
with this simple case by means of an equivalence factor e defined 
as 


Pe 4kr? 


e — = 


P., (m+ 2)%,,2 


This factor is plotted in Fig. 4 as a function of m for various 
values of the parameter k. Since the coefficient of pressure de- 
crease k enters linearly, e can be found for values of k other than 
those given by multiplying the results for k = 1 by the desired 
value of k. Since & = x, the equivalence factor for k = 1 


| 
m | 


° 2 4 6 8 Te) 


Fic. 4 Equtvatence Facror e Versus m ror k = 0.2, 0.4, 0.6, 0.8, 
1.0 


m = 0, reduces? to 1, that is, for this limiting case the critical 
end load is simply the classical Euler load as one would expect. 
It should be noted that in the case of a constant pressure dis- 


? “Tables of Functions With Formulas and Curves,” by E. Jahnke 
and F. Emde, Dover Publications, New York, N. Y., 1943, p. 167. 
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tribution, k = 0, the bar cannot buckle. This result may be 
read from Equation [9] or found directly by considering the dif- 
ferential equation and boundary conditions. 

In case the slider is at the low-pressure end of the beam, x = 1, 
the condition P = pA must be replaced by P = poA(1 — k). 


Then 


and the differential Equation [8] must be replaced by 


Now the function 
kApo 2\* 
EI 


for 0 x Sl. Equation [10] is a special case of the general 
Sturm-Liouville differential equation, the solutions of which 
have been studied extensively. In particular, it is known that 
if the coefficient of M is nonpositive in the interval 0 < z S 1, 
the solution can have but one zero in that interval.* Thus it is 
impossible to fulfill the boundary conditions (0) = M(l) = 0 
and buckling cannot take place. 
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Appendix 


The general solution of the differential Equation [8] is of the 
form‘ 


3 “Ordinary Differential Equations,” by E. L. Ince, Dover Publi- 
cations, New York, N. Y., 1944, p. 226. 

4 “Bessel Functions for Engineers,” by N. W. McLachlan, Oxford 
University Press, 1934, ex. 47, p.39. The solution given in the refer- 
ence cited is written in terms of Bessel functions of first and second 
kind. This may be rewritten with Bessel functions of first kind of 
positive and negative order since 1/(m + 2) is not an integer (ibid., 
p. 23). The succeeding argument is somewhat simplified by this 
substitution. 
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= AV/x Jis(m4+2) 


+2 


2 kP 
B (m+2)/2 


where J1/(m+2) (§) is the Bessel function of first kind of order 
1/(m + 2), J~1/(m+2) (€) is the Bessel function of first kind of 
order —1/(m + 2), and A and B are constants to be determined 
from the boundary conditions. Since J,() vanishes at & = 0 
for p > 0, the first term of Equation [11] automatically fulfills 
the boundary condition M(0) = 0. The Bessel function of nega- 
tive order J_p(é), p > 0, has a singularity at — = 0; it will be 
necessary to investigate this more closely. The following ap- 
proximate formula® can be used to study the behavior of the 
Bessel function of negative order for || <1 


Yr (1 + 1/(m + 2)] 
where [ [1 + 1/(m + 2)] is the gamma function evaluated for 
the argument 1+ 1/(m + 2). Since this function does not van- 
ish for m = 0, J~1/(m+2) (&) behaves like (2/t)!/(™+2) near 
the origin. This result can be applied to the second term of 
Equation [11] to yield 


2 
jim Vz J —1/(m+2) +3 
2 1/(m+2) 
(m42)72 = const 0 


where C is a nonvanishing constant. Thus B must vanish if the 
first boundary condition is to be satisfied. 

The second boundary condition M(J) = 0, will yield the de- 
sired critical value, for it requires that 


2 kP 
J1/(m+2) (2, 5! =0 


Let &,, be the first nonvanishing zero of J1/(m+2) (&), then the 
critical end force, P,,, will be given by 


J ~i/(m42)(§) = 


m+2 EI 4k I? 


5 Ibid., p. 158. 
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An Empirical Approach to the Fatigue- 
Strength Analysis of Structures 


By HENRY W. FOSTER! ann VICTOR SELIGER! 


A method of fatigue-strength analysis for fabricated 
structures, based on laboratory fatigue-test data, is pro- 
posed in this paper. To this end the nature of structural 
fatigue strength is discussed with the view of defining the 
necessary correlating assumptions and the type of experi- 
mental data needed. 

An example of this method is presented for structures 
fabricated from Alclad 24S-T aluminum alloy and analysis 
results are compared with actual test results. 


NOMENCLATURE 


number of cycles of loading required to produce failure. 


F,, = ultimate tensile strength of material. 
Fy = fatigue strength of material in terms of maximum 
stress attained during a cycle. 
F,, = fatigue strength of material in terms of varying stress 
attained during a cycle. 
fy = maximum stress in part, based on net area without re- 
gard to stress concentrations = average maximum 
stress, 
fy = varying stress in part, based on net area without re- 
gard to stress concentrations = average varying 
stress. 
R = ratio of minimum stress to maximum stress in a load- 
ing cycle. 
K, = elastic-stress-concentration factor. 
K, = effective stress-concentration factor in fatigue = Fy/fy, 
for constant R on applied external loading. 
Km = ratio of effective maximum stress at stress raiser to 
average maximum stress across section. 
K, = ratio of effective varying stress at stress raiser to aver- 
age varying stress across section. 
fi, = Kafy = effective maximum stress developed at stress 
raiser. 
f, = Kf = effective varying stress developed at stress 
raiser. 
(g) = all stress values are calculated on the basis of net area 


except when subscript g is used denoting stress cal- 
culation of the basis of gross area. 


INTRODUCTION 


HE analysis of a structure for life expectancy may be di- 
into three practically independent problems: 1, 
The determination of the spectrum of external loading to 
which the structure will be subjected; 2, the determination of the 
fatigue strength of the structure under any given loading condi- 
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tion; and 3, the correlation of the expected loading with the fatigue 
strength of the structure. This paper deals with the second 
problem only, and presents a method for determining the fatigue 
strength of a fabricated structure from basic data which may be 
determined experimentally. 

The fatigue strength of a structure is often regarded as if it 
were a@ quantity entirely separate from the static strength of the 
same structure. Actually, the strength of a structure is a func- 
tion of the same variables whether it is defined for static failure 
in tension, i.e., one-half cycle at a range ratio of 0, or for any other 
one of the infinite number of ways in which it may be loaded. 
The importance of each of the variables of course does depend on 
which one of the ways of loading determines failure, but it should 
be emphasized that the strength of a structure is just as much an 
engineering quantity for one type of loading as for any other, and 
is just as susceptible to rational analysis. The fact that we do 
not know what causes fatigue failure need worry us no more than 
the fact that we do not know the mechanism by which static 
failure operates. We customarily use empirically determined 
constants as a basis for the design of structures for static strength, 
and there is no reason why experimentally determined constants 
cannot be used as the basis for a rational method of design for 
fatigue strength. 

It is the purpose of this paper to discuss structural fatigue 
strength with the view to defining the nature of the experimental 
data and of the correlating assumptions which would permit the 
fatigue analysis of fabricated structures to be based on material 
properties obtainable in the laboratory. 


Tur DEFINITION OF FATIGUE STRENGTH 


Any fluctuating load possesses both maximum and minimum 
values, and two loading parameters must be used in combina- 
tion with a number of cycles to define fatigue strength. These 
loading parameters must be chosen from among the following: 
maximum load, minimum load, mean load, or varying load, or 
any one of these may be combined with the dimensionless ratio 
of any two. For convenience, R, the ratio of minimum to maxi- 
mum load in a loading cycle, has been used in combination with 
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the maximum load in presenting a great deal of experimental 
fatigue-strength data, and must be brought into any review of 
data. A family of R curves defining the fatigue strength of Al- 
cla. 248-T sheet is shown as Fig. 1. There is, however, an in- 
he. nt disadvantage in this method of presentation in that it 
p! ecludes explicit definition of the varying load, the only load 
which can repeatedly perform work on the material. It tends, 
upon cursory inspection of data, to lay undue emphasis on the 
value of the maximum load as it would indicate an increase in 
allowable maximum load with increasing R even if the fatigue 
strength of the material were independent of the maximum load. 
This fact is important since, as will be seen later, it affects certain 
other parameters which have been defined in terms of R. 

A much more direct and descriptive set of parameters for the 
definition of a repeated loading condition is the combination of 
varying with maximum load in a loading cycle. In such a way 
a true physical picture of the loading cycle is presented, for the 
varying load defines the magnitude of the variation of load in a 
cycle, and the maximum load defines the level at which the varia- 
tion of loading takes place. In Fig. 2 the curves of Fig. 1 are 
replotted to show the fatigue strength of Alclad 24S-T sheet on 


2 


this basis. This latter method of defining fatigue strength will 
be used in the subsequent discussion, except where resort must be 
made to data which are available only in the form of R curves. 


VARIABLES INVOLVED IN DEFINING THE FATIGUE STRENGTH OF 
STRUCTURES 


For the purposes of the static-strength analysis of tension 
structure, it is generally assumed that failure will occur when the 
most highly stressed portion of the structure reaches the failure 
stress of the material, the failure stress having been determined in 
static tests of small test coupons. Similarly, in the fatigue- 
strength analysis of structures it may be assumed that failure 
will occur in a given number of cycles when the most highly 
stressed portion of the structure is subjected to a repeated stress- 
ing which would cause failure in the same number of cycles in 
fatigue tests of the basic material. In other words, in analyses 
for both static and fatigue strength, the essential problem is to 
correlate the external loads with the maximum values of internal 
stress in the structure, since the strength of the basic material 
may be obtained for any loading. The stress determination for 
fatigue-strength analysis is, however, usually more complex than 
the stress determination for static-strength analysis due to the 
action of the following factors: 

1 In the fatigue-strength analysis, two different values of 
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external load must be correlated with internal stress: The 
peak values of internal stress must be determined from maximum 
values of external load; and the magnitude of the stress varia- 
tion in a loading cycle must be determined from the magnitude 
of the external-load variation. 

2 Since the magnitude of the average stress in a structure is 
usually much lower in fatigue-strength analyses than in static- 
strength analyses, the usual static-strength assumption that 
yielding of the material will practically level out the local stress 
concentrations cannot be made. This means that in correlating 
external loads with internal stresses the very local stress peaks, 
which are generally considered to be of minor importance in a 
static-strength analysis, are usually of considerable importance 
in a fatigue-strength analysis. 

The first of these factors is of course inherent in the definition 
of fatigue strength; in the second factor lies almost the entire 
difference between a fatigue-strength analysis and a static- 
strength analysis, even though its importance is entirely a fune- 
tion of the magnitude of the applied load rather than any pe- 
culiar property associated with the fatigue strength of materials. 
Hence the only new methods needed in the fatigue analysis are 
those which will define the very local stress values in terms of 
average stress values, and the remainder of this paper will be 
concerned with that problem only. 


Srress-CONCENTRATION FACTORS 


Any discontinuity in a loaded part will cause a local concentra- 
tion of stress at the changed section, and the ratio of the peak 
stress at the discontinuity to the average stress across the section 
is called the stress-concentration factor. As long as the material is 
completely elastic, the value of this stress-concentration factor will 
depend entirely on the geometry of the structure, and is defined 
as the elastic-stress-concentration factor, K, Its value may be 
determined mathematically by elastic theory, or experimentally 
by photoelastic measurements, and will vary in practical structure 
from slightly greater than unity for a very gradual change in sec- 
tion to as high as 10 or 12 for a shear joint which transmits all 
the load from one sheet to another. This factor is generally con- 
sidered to be a constant for any particular discontinuity, but in 
certain cases the geometry of the structure changes sufficiently 
under load to alter its value. An instance of this which may be 
important (it has never been evaluated) is a countersunk rivet 
in single shear, where local bearing pressure varies with load due 
to rivet rotation. 

Fortunately, the true value of this elastic-stress-concentration 
factor is very rarely realized as a determining factor in the 
strength of structures, because when the material becomes in- 
elastic at the point of maximum stress, the stress and strain dis- 
tribution change at that point in a manner which reduces the 
ratio of peak stress to average stress, i.e., reduces the value of 
the actual stress-concentration factor. The amount of this alle- 
viation apparently depends almost entirely on the stress-strain 
characteristics of the material and on the magnitude of the elas- 
tic-stress-concentration factor, and thus it appears likely that the 
alleviation may be evaluated as a basic material property which 
may be used in determining fatigue strength where discontinui- 
ties exist. 

Effective Stress-Concentration Factor, K,: An effective stress- 
concentration factor, K,, has been defined (1)* as the ratio of the 
fatigue strength of the basic material to the fatigue strength of a 
structure at a constant number of cycles to failure and a constant 
range ratio of applied load. This concentration factor, so de- 
fined, is the reciprocal of the structural efficiency factor under 
repeated loading, since it defines the ratio of structural cross- 


2 Numbers in parentheses refer to table of references at the end of 
the paper. 
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sectional area to unnotched-material cross-sectional area neces- 
sary to carry a given applied load for a given number of cycles. 
However, it will relate to the actual stress condition in the struc- 
ture only when the applied loading is completely reversed, that 
is, when R = —1.0, as will be shown later. 


ASSUMPTIONS FOR FATIGUE ANALYSIS 


Since, as we have shown in Fig. 2, fatigue strength is a function 
of the magnitudes of both the maximum and varying stresses, it 
is readily apparent that the effect of a discontinuity on both 
of these stresses must be evaluated for the proper correlation of 
the fatigue strength of the basic material with the fatigue strength 
of a structure. In other words, we must be able to define both 
the true stress level and the true varying stress at a stress raiser 
in terms of average stresses, before basic-material strength data 
may be used to determine the fatigue strength of composite 
structures. 

This analysis is founded on the principle of referring to certain 
constants determined from fatigue tests. The following assump- 
tions are those which will allow us to relate these constants with 
the alleviation of stress at a stress raiser to provide a general rela- 
tionship between applied average stress values and the fatigue 
strength of a structure. 

The first assumption is that fatigue life is a function of stress 
magnitude only, i.e., that failure will occur in a given number of 
cycles in any part when the highest existing local values of vary- 
ing stress and maximum stress correspond to the combination 
necessary to produce failure in the same number of cycles in tests 
of the basic material. 

The second assumption is that for any one material the value 
of the peak stress at a stress raiser is a function only of the average 
value of the maximum stress across the pertinent 
section and the value of the elastic-stress-concen- 
tration factor. This seems reasonable since we 


would not be actually reached or approximated until the 
loading had been continued for a number of cycles. 

The third assumption is that the value of the varying stress 
at a stress raiser is a function only of the average value of the 
varying stress across the pertinent section and the value of K,. 
This is similar to assumption 2 for the maximum stress and it 
should be noted that the value of the local varying stress is assumed 
to be independent of the value of the local maximum stress, that 
is, the stress level at which the repeated stressing occurs is not as- 
sumed to have any effect on the magnitude of the varying stress. 
We might picture this physically by plotting f, K, against f,. 
Since f,, K, is linearly related to strain (similar to fy K,), a re- 
peated loading would plot as a hysteresis loop whenever the mag- 
nitude of the local varying stress was large enough for inelastic 
action to occur, and under this assumption, the shape of the hys- 
teresis loop is independent of the stress level at which the re- 
peated loading occurs. Fig. 3 illustrates the second and third 
assumptions, showing plots of f, and f, vs. K, fy and K, fy for 
several different loading conditions: Case A shows a loading at 
which alleviation of maximum stress occurs, but no alleviation of 
varying stress; Case B shows a loading at which alleviation oc- 
curs on both the maximum stress and the varying stress; Case C 
shows the same value of varying stress as Case B, but occurring 
at a different stress level; and Case D shows the conditions for 
completely reversed loading where the stress magnitude is large 
enough so that inelastic action occurs. 

Case D furnishes the correlation between the amount of alle- 
viation of varying stress and the amount of alleviation of maxi- 
mum stress. Since by definition, the varying stress and the 
maximum stress are identical when the loading is completely re- 
versed about 0 stress (i.e., when R = —1.0), the same function 


know that the product of the average maximum 
stress and the elastic-stress-concentration factor 
fy K, is equal to the peak stress f, in the elastic , 

range for all values of K, When the material is t | 7 
locally plastic, however, the amount of alleviation 
might well be different for different values of K,, 
since the stress gradient is increased with increas- 
ing values of K, and hence the restraint offered the 


| 


most highly stressed locality by the surrounding 
material would be expected to vary with the 
value of K, This is the reason for assuming 
that AK, is an independent variable. It will be 
seen that since K, f, is linearly related to strain, 
being the stress value for purely elastic ‘con- 
ditions, the curves resulting from a plot of f, vs. K, 
fy must be quite similar in shape to a stress-strain 
curve for the basic material. It should be particu- 
larly noted, however, that the resulting curve or 
curves obtained from fatigue-test results could not 
be expected to be identical with a stress-strain curve 
for the material determined at the same rate of load- 
ing, for two reasons: 1 The strain distribution fv 
cannot be expected to be the same as under elastic 
conditions after the material has become plastic 
locally, due to the support of the surrounding elas- 
tic material; and 2 the curves determined from 
fatigue-test results must include the effect of repeated 
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loading in locally changing the properties of the ma- 
terial through work-hardening. In other words, the 
peak-stress value found from fatigue-test results 
must be an effective value only, since it probably 
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must necessarily describe the alleviation of both maximum and 
varying stresses each with respect to its own magnitude. 

It will be noted that under these assumptions the true ratio of 
minimum to maximum stress (the range ratio) may be quite dif- 
ferent from the range ratio of applied external loading: The 
maximum stress is always greater than the varying stress unless 
the loading is completely reversed; hence the alleviation of maxi- 
mum stress must always be greater than the alleviation of 
varying stress unless the external loading is completely reversed. 
The consequence of this is that the true loading at a stress raiser 
will always tend toward a completely reversed condition, and 
the true range ratio will always be less than the nominal range 
ratio when any alleviation of stress is present at a discontinuity, 
except when the external loading is completely reversed. 

It will also be noted that K,, the effective stress-concentration 
factor in fatigue, being defined to represent the over-all change 
in fatigue strength, does not describe the alleviation due to plastic 
flow of either the maximum or the varying stress unless the ex- 
ternal loading is completely reversed. Instead, it is a measure 
of the net effect of the magnitude of the elastic-stress-concentra- 
tion factor, the alleviation of maximum stress by inelastic action, 
the alleviation of varying stress by inelastic action, and the change 
in apparent material strength due to change in range ratio. 
Since K;, is defined on the basis of maximum stress at constant 
range ratio of external loading, and since, as previously men- 
tioned, constant-range-ratio curves have a defined spacing which 
is not related to the strength of the material, it may be readily 
seen that when the true range ratio of a notched part is lower 
than the nominal range ratio, it is quite possible for K;, to be 
numerically larger than K, without the true ratio of peak stress 
to average stress exceeding K;,. 

Therefore in order to evaluate separately the effect of allevia- 
tion on the maximum and the varying stress, two other effective 
stress-concentration factors may be defined; K,,, the ratio of the 
true maximum stress to the average maximum stress, and K,, 
the ratio of the true varying stress to the average varying stress. 
Under the stated assumptions, these factors will be equal to each 
other and to K; when the loading is completely reversed, but not 
under any other loading condition in which any inelastic action 
occurs. The essential point here is that Kj is defined in terms of 
fatigue strength and may be determined experimentally; hence 
if we determine the fatigue strength of specimens at R = —1.0, 
we may also determine the values of K,, and K,. 

With these assumptions it is now possible to enumerate the 
information necessary to the fatigue-strength analysis of struc- 
tures: 


1 The geometry of the structure. 

2 The fatigue strengths of the basic materials used in the 
structure. 

3 The fatigue strengths under completely reversed loading 
of several types of idealized “notched” specimens having different 
values of K, and fabricated from the same basic materials as the 
structure to be analyzed. 


From the geometry of the structure the correlation between 
“average” stress or nominal stress and external load may be de- 
termined by the usual static analysis methods, and the elastic- 
stress-concentration factor may be evaluated; the fatigue 
strengths of the basic materials and of the notched specimens 
may be determined by test and used to determine the stress alle- 
viation properties of the material. 


HyYpoTHETICAL EXAMPLE OF FaTIGUE-ANALYSIS METHOD 


An example of the proposed analysis method will now be pre- 
sented. We shall assume that we have available the completely 
reversed axial fatigue strength characteristics of several notched 
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specimens made from Alclad 248-T. These specimens may have 
included thin strips with circular or elliptical holes, hyperbolic 
notches, or other types of stress raisers inducing definitely known 
elastic-stress-concentration factors. Fig. 4 shows such hypothet- 
ical data. The upper curve of the same figure represents the 
completely reversed fatigue-strength characteristics of Alclad 
24S-T material, and thus corresponds to a notch possessing an 
elastic-stress-concentration factor of 1.0. 

Since these curves are all representative of the completely re- 
versed stress condition, it follows from the previous discussion 
that for any particular N and K,, K,, K,,, and K, are equal to the 
ratio of material strength to notched-specimen strength. Thus 


27,300 
for K, = 3 and N , = K, 10, 


K, = 10 and N = 105, K, = K,, = K, = “= = 5.15, and so 


forth. In order to obtain from these idealized notched-specimen 
data the relation between the nominal and the effective or peak 
stresses, one of two procedures may be followed: 


1 Directly from Fig. 4 the notched-specimen strength may 
be plotted against the material strength for a series of N values. 
This procedure would, on the basis of our hypothetical data, re- 
sult in three curves corresponding to K,’s of 3, 5, and 10. These 
curves, shown in Fig. 5, define the notch sensitivity of a material 
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under any condition of loading, including static, for those three 
values of K,, for which Fig. 5 may be used to predict the fatigue 
strength of a structure fabricated from that material, since the 
effective values of maximum and varying stress may be deter- 
mined and used in conjunction with the basic material data, Fig. 
2, to determine the life. 

2 In order to use the available data to obtain the relationship 
of Fig. 5 for other values of K,, an intermediate curve, for the pur- 
pose of interpolation and extrapolation, may be plotted from the 
available data. Such a curve, shown in Fig. 6, relates K,, Ky, 
and the peak stress implicit in the form of nondimensional param- 
eters, bringing all the available data together into one curve, 
which may then be used to plot the relations of Fig. 5 for as many 
additional values of K, as may appear necessary. Such a full 
set of curves is shown in Fig. 8. 


With the information of Fig. 8 on hand, an Alclad 24S-T struc- 
ture may be analyzed for fatigue. Let us suppose, for example, 
that the structure has at its critical section a notch inducing an 
elastiv-stress-concentration factor of 4, i.e., K, = 4, and that the 
structure is loaded axially. under an alternating nominal stress 
varying between 20,000 and 30,000 psi. Hence the average 
maximum stress is 30,000 psi and the average varying stress is 
+5000 psi. Going into the K, = 4 curve of Fig. 8 it is found 
that these stresses correspond to an actual maximum stress of 
47,500 psi and an actual varying stress of 20,000 psi. Fig. 2 
shows that this combination of stresses corresponds to a life of 
32,000 cycles, and the analysis of the structure is complete for 
that particular loading condition. 

In a similar way we may determine the fatigue strength of any 
structure having a known K;,. 


DEMONSTRATION OF ANALYSIS MetTHop For Atctap 248-T 
STRUCTURES 


The following demonstration of the proposed method does not 
adhere strictly to the previously outlined procedure, because 
data on notched specimens under completely reversed loading 
were not available. By resorting to a tested empirical relation- 
ship (2) a large amount of data on various kinds of notched 
specimens were reduced to the range ratio of 0 (load varying be- 
tween 0 and maximum.) These data were then plotted as 
shown in Fig. 7 to show the form of the relationship between K,, 
K,, and the apparent peak stress obtained by multiplying the 
nominal maximum stress by K,. Then by trial and error, a law 
of variation for completely reversed stress (R = —1) was de- 
termined that would give the experimentally found values of K, 
at R = 0. This curve is also plotted on Fig. 7 and corresponds 
to that of Fig. 6 obtained from hypothetical data. This curve 
was then used to obtain the relation between the average varying 
and maximum stresses and the effective or peak varying and 
maximum stresses for constant values of K,. Fig. 8 is such a plot 
for several values of K,. It should be noted that this plot indi- 
cates the alleviation of peak stresses at a discontinuity initiates 
at peak stresses as low as 20,000 psi for 24S-T. This explains 
why the actual magnitude of the elastic-stress-concentration fac- 
tor is rarely effective in practice. 

Fig. 8 may be used to predict the fatigue strength of a structure 
fabricated from Alclad 24S-T material. 
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Figs. 9, 10, and 11 show S-N curves at R = 0.2, R = 0.4, and 
R = 0.6, respectively for Alclad 24S-T perforated sheet predicted 
by this method and plotted against the test points. The value 
of K, in this case was 2.6. Fig. 12 shows a similar plot for a 24S- 
T Alclad single-row riveted lap joint having a K, of 6.1. K, was 
determined in this latter case from the values determined photo- 
elastically by Frocht and Hill (3) for pin-loaded double shear 
joints. Fig. 13 is a similar plot for a 24S-T Alclad double-row 
riveted joint compared with points obtained from tests of a geo- 
metrically identical specimen manufactured from Alclad 24S-T86 
material. In the latter case the K, of 5.0 was obtained by inter- 


polation between the photoelastically determined value for pin- 
loaded double shear joints (complete shear transfer) and the value 
for perforated sheet (no shear transfer). 

Some of the disparagement between the predicted and actual 
curves may be attributed to the fact that lack of adequate data 
led to rather arbitrary methods for the evaluation of constants 
The accuracy of this evaluation was further detracted from by 
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the fact that specimens made from both the QQA-362 specifica- 
tion material and the ANA-13 specification material were used 
in conjunction with the known fatigue-strength characteristics 
only of the former; whereas some recent check tests have shown 
that the fatigue properties of the two materials diverge con- 
siderably, particularly in the low-cycle high stress range. 


CONCLUSIONS 


This paper has brought out the principal distinction between 
the problems involved in the development of fatigue and static- 
strength-analyses methods. This distinction has been shown 
to lie in the need for evaluating the strictly local stress condi- 
tions at stress raisers, whenever the problem of fatigue strength 
arises, and emphasis has been placed on the nature of the experi- 
mental data which would be adequate to determine these condi- 
tions. . 

The lack of complete basic data necessary for the development 
of the proposed analysis forbids a rigorous proof of the validity of 
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the assumptions upon which it is based. The real proof must 
await the time the basic data become available, and the proposed 
method can be used directly. We feel that in view of the im- 
portance to the airframe engineer of a good fatigue-analysis 
method, the procurement of these data should be placed high on 
the list of the research laboratories’ agenda. 
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An Elementary Theory of the Bourdon Gage 


By ALFRED WOLF,? TULSA, OKLA. 


A theory of the Bourdon gage is presented based upon 
two elements of strain, namely, the bending of the walls 
in a transverse section through the gage tubing, and a 
longitudinal extension parallel to the axis of the tubing. 
Practical formulas are derived for the calculation of the 
sensitivity and the torque of the Bourdon gage. An 
estimate is made of the maximum stress. The sensitivity 
of a very thin-walled gage is shown to be proportional to 
the inverse first power of the wall thickness. Results of 
a few measurements show agreement with the theory. 


INTRODUCTION 


SIMPLE qualitative explanation of the behavior of a 
A Bourdon-gage element was given by Lord Rayleigh (1)? 
on the basis of a theorem of Gauss on the bending of 
surfaces. Pressure applied internally to a tube of oval section 
results in a change of shape of the section; the action of the gage 
then follows from the invariance of the product of the two princi- 
pal curvatures of the middle surface of the tubing. 

Other contributions to the theory of the Bourdon pressure gage 
were made by E. Hill (2), A. M. Worthington (3), A. G. Green- 
hill (4), and L. Maurer (5). The only paper in which a definite 
formula is derived for the sensitivity of the Bourdon gage is that 
of Chido Sunatani (6). 

In the present paper an attempt is made to base the theory on 
two elements of strain, the bending of the walls in a transverse 
section through the tubing and a longitudinal extension and con- 
traction parallel to the axis of the tubing; both elements are of 
equal importance. The procedure may be regarded as an 
application of the direct methods of the calculus of variations. 
As expected, maximum stress calculated in this manner is not as 
close an approximation as the sensitivity and the torque. 

The pressure element of a Bourdon gage is made of tubing of 
oval section, the axis of the tubing being bent into an are of a 
circle which lies in a plane of symmetry of the gage element, and 
has the radius R; the long axis of the oval section of the tubing 
is perpendicular to the plane of the circle. When pressure is 
applied the radius of curvature increases by 62: The quantity 
5R/R for unit pressure will be referred to as the sensitivity of the 
gage. It is postulated in the following that the pressure element 
is mounted in such manner that only bending moments are 
applied to its ends; consequently, that 5? is always constant 
along the pressure element. 

The torque of the gage is defined in the following manner: 
Let one end of the gage element be attached to a rigid support 
and let pressure be applied; the other end of the element will 
then move a certain distance because of the change in curvature 
of the axis of the tubing; the external bending moment which 
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must be applied to the free end of the element to restore the de- 
flection to zero will be defined as the torque of the Bourdon gage 
for any given pressure, and will be denoted 7’. 

In the next section an expression will be derived for the poten- 
tial energy of the gage element under pressure, and from it will 
be deduced a differential equation for the elastic displacement of 
the middle surface of the tubing. All subsequent calculations are 
based upon these two equations. Some of the formulas may, by 
a slight modification, be applied to tubing of arbitrary cross sec- 
tion but more often the formulas are valid only for sections with 
two axes of symmetry. In the third section the direct method 
of the calculus of variations is discussed which constitutes the 
practical means for the solution of the problem; the same section 
contains formulas for the sensitivity and the torque in the 
limiting case R— 

In the fourth section practical formulas are given for the 
calculation of torque and sensitivity for a specific shape of cross 
section of tubing which approaches closely that supplied by 
manufacturers. In the fifth section the maximum stress in gage 
elements is dealt with; only approximate results are obtained. 
In the concluding section a few examples are given of the 
accuracy to be expected from the formulas. 


PoTreNTIAL ENERGY OF THE BouRDON GAGE 


Consider a transverse section through the Bourdon-gage- 
element tubing, and refer it to a set of rectangular co-ordinate 
axes x,y; their origin is to be at the center of the oval section, 
the z-axis is perpendicular to the plane of the circle into which the 
axis of the tubing is bent, the y-axis points away from the center 
of the same circle. When pressure is applied, the components of 
the infinitesimal elastic displacement of the middle line of a trans- 
verse section through the walls, relative to the center of the oval, 
parallel to the z- and y-axes, respectively, will be denoted &, 7. 
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All these variables are regarded as functions of the length of are s 
along the middle line of a transverse section of the walls of 
the tubing. One of the simplifying assumptions introduced is the 


neglect of any change of length along that line. From this 
assumption and from 

1 
it follows 


in which the primes denote differentiation with respect to s. 
Writing p for the radius of curvature of the middle line of a 
transverse wall section, 


= — 
and the change of curvature resulting from elastic displacement 


which may be transformed with the aid of Equation [A1] into 


The change of internal volume per unit length of tubing is 
= 8S = S ds(yé’ + 2'n) 
Making use of Equation [Al] and employing integration by 


parts 
4 fyy’ 
8V = fon [: + (“)] [A3] 


The potential energy per unit length of tubing due to the bending 
of the walls and to the increase in volume is 


E = Young’s modulus 
o = Poisson’s ratio 

h = wall thickness 

p = pressure 


Besides the potential energy of transverse bending of the walls, 
the extension of elements parallel to the axis of the tubing will be 
considered; this is regarded as a function of s only. A simple 
geometrical consideration of the effect of simultaneous change 
of the radius of curvature of the axis of the tubing, the length of 
which remains constant, and of the elastic displacement of the 
walls, leads to the expression 


Rt+y 
R+65R R 


for the extension of filaments parallel to the axis of the tubing, 
which, to a sufficient approximation, may be written 


yak 


R RR 


The total potential energy W per unit length of tubing will be 
assumed to be the sum of the energies of transverse bending of the 
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walls and of the longitudinal extension parallel to the axis of 
the tubing; thus 


fe 24 + opi 4 
4 


There is no rigorous foundation for adding the energies of 
bending and of longitudinal extension; this step is justified 
mainly by its suecess. However, the foregoing procedure can 
be shown to be correct in the special case of an infinitely long 
plane strip of moderate thickness, subjected simultaneously to 
pressure on one side and to uniform longitudinal strain. 

Since W is a minimum, it follows by well-known methods 


ds ds? \x’ RE,|" 


When R— © Equation [2] reduces to 


Equation [2] can be 
solved by quadratures in the special case of rectangular cross 
section, a fact which may be used for an extension of the present 
theory. 

To determine the sensitivity of the Bourdon gage, Equation 
[2] should be solved with 5R/R regarded as a parameter; the 
solution must be substituted in Equation [1] and the value of 
5R/R must be found which makes W a minimum. 

The torque of the gage is determined by a similar procedure. 
Assume 6R/R = 0 in Equation [2] and substitute the solution 
in Equation [1]. The resulting value W, is the potential energy 
of the gage under pressure when constrained from changing its 
curvature. The torque of the gage is given by 


which may be verified by considering the work done by external 
bending moments in reducing the radius of curvature of the gage 
element from R + 5R to R, which is W, — W, and which also 
is equal to '/,7' times the ‘angular deflection of the gage element 
16R 


it of its | h . 
per unit of its lengt RR 


AppLiIcATION OF Direct METHOD oF CALCULUS OF VARIATIONS 


The practical method of attack on the Bourdon-gage problem 
makes use of the minimum property of the energy W. A solution 
of Equation [2a] or a function proportional to it, is obtained first; 
it will be denoted m(s). It is then postulated 


n(s) = Bno(s) 


where B is an undetermined constant, and this expression is 
substituted in Equation [1], leading to 


W = + om +ay3B...... [4] 


in which the coefficients a,;...as3 are now known functions of the 
dimensions of the gage, elastic constants, and pressure. Since W 
must be a minimum for variations with respect to B and 6R/R, 
the following results are obtained 
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The value of W, is derived by substituting 62/R = 0 in Equation 
[4] and then determining the minimum value of the resulting 


expression. This procedure leads to 

2a 


It may be of interest at this point to derive some simple 
formulas applicable to the case R — o. 
Since Equation [2a] is exact in this case, B — 1; further 


— 0 


It follows 
(=) 
R S yds 
Eh 


Explicit formulas for the function » can be deduced easily 
from Equation [2a]. First, from Equations [A2] and [2a] 


where r? = z? + y?, and r? is the mean value of r? on the middle 
surface of the tubing. Equation [10] will be used in connection 
with the problem of maximum stress. If the length of are s is 
measured from a point at which x = 0, the solution of Equation 
{10] satisfying appropriate periodicity conditions is 


6p 3 
89 0 0 


where 9 is the total length of the middle line of a transverse sec~ 
tion through the gage-element walls. The constant of integration 


is determined from 
80 
0 


It is clear that explicit formulas for sensitivity and torque can 
be derived from Equations [8], [9], and [11] but the subject will 
not be pursued any further since it is not important for applica- 
tions. 


PRACTICAL FORMULAS FOR SENSITIVITY AND TORQUE OF A 
Bourpon PressurRE GAGE 


A specific shape of cross section of the gage-element tubing will 
be postulated in what follows. The oval formed by the middle 
line of the transverse cross section of the walls will be assumed to 
be made up of two parallel straight-line portions of length .2c 
each, a distance 2b apart, and terminated by two half circles of 
radius b. The straight-line portions of the oval are parallel to 
the z-axis, and hence perpendicular to the plane of the circle 
into which the axis of the tubing is bent. The long axis of the 


3 A similar formula is given by E. Hill (2) who, however, does not 
attempt to evaluate 7. Hill’s formula was employed by Sunatani (6) 
in the special case of elliptic cross section. 
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oval has the length 2a = 2b + 2c, the short axis has the length 2b. 
The outside dimensions of the tubing are 2a + h X 2h+h,h 
being the wall thickness. 

The function n(s) which is to be substituted in Equation [1] is 
chosen as a solution of Equation [2a] multiplied by an indeter- 
minate constant. On the straight-line portions of the oval con- 
tour 


1 1 
n(s) a+ - Bs? + 12 a [12] 


where s is measured from the respective centers of the straight- 


line portions, and varies between —c and +c. On the half 
circles terminating the oval contour, it is assumed 
do \x 


which is a consequence of Equation [2a], and in which the angle ¢ 
is taken to vary from — : to + The condition of continuity of 
n, 7’, 7’, 7’ at the points at which the straight-line portions of 
the contour meet the half circles (+ = deter- 


mines the constants a, 8, y, A in terms of B (refer to Appendix). 

The substitution of Equations [12] and [13] in Equation [1] 
leads to explicit expressions for the coefficients a,;...a3; which 
are given in the Appendix. The algebra is very tedious but pre- 
sents no difficulty, and leads to 


4 p at P 
35 E, 
‘ 
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The factors F, F;, F2, as well as the factor G introduced in the next 
section, are rational functions of b/a which approach unity as 
b/a — 0. Their values are derived from the expressions for the 


coefficients @;. . .@33 and are given in Table 1. 
TABLE 1 VALUES OF F AND @ FACTORS 

b/a F Fi FP: G 
0.0 1.000 1.000 1.000 1.000 
0.1 1.273 1.040 1.207 0.934 
0.2 1.469 1.059 1.373 0.852 
0.3 1.574 1.057 1.498 0.757 
0.4 1.574 1.024 1.572 0.652 


A consideration of Equations [14] and [15] makes evident the 
fact that the theory of pure bending of thin shells cannot cor- 
rectly represent the behavior of the Bourdon pressure gage when 
the ratio a*/R*h? is much greater than unity. For sufficiently 
small values of h the sensitivity of the gage becomes inversely 
proportional to the first power of the wall thickness; longitudinal 
extensions parallel to the axis of the tubing are then the pre- 
dominant factor. 


Maximum Srress IN A Bourpon GAGE 


The distribution of stress in a gage element under pressure can- 
not be derived with any precision from the preceding theory. 
Approximate results may, however, be attained by postulating 
the maximum stress to be due to the transverse bending of the 
walls of the tubing. According to Equation [10] the curvature 
of the middle line, and hence the stress in this type of deforma- 
tion is proportional to r? — r?, Maximum stress is found on one 


_ 
6 = ——— (r? — [10] 
41 
1+ 
| 
| 
a. 
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of the axes of the oval section of the tubing where r is a maximum 
oraminimum. In most practical applications, when b/a < 0.48, 
the point of maximum stress is at the intersection of the long axis 
of the oval and the inner surface of the walls of the tubing. It 
may be noted that in dealing with a tube which is only slightly 
elliptical, the maximum stress is on the short axis of the ellipse. 
The value of the maximum stress S will be assumed to be given 


by the simple relation 
E,\h 1 
S = —i[- 
2 (*) 


The calculations of the preceding section then lead immediately 
to the formula 
BhA+B_, G 
2 b? h? 48 
35 E, * 


Se 


The values of G as a function of b/a are shown in Table 1. 


CONCLUSION 


A reasonably good confirmation of Equations [14] and [15] 
was obtained from some measurements on the Amerada bottom- 
hole pressure gage, carried out at the laboratory of the Geophysi- 
cal Research Corporation. No satisfactory method was de- 
veloped for the measurement of maximum stress, but it is reason- 
ably certain that values of stress furnished by Equation [16] are 
too great, especially for thick-walled tubing. For illustration of 
experimental data the examples given in Table 2 may suffice. 


° TABLE 2 EXPERIMENTAL DATA 
6R/R 

R a b h p obs cale. T obs T calc. 
0.39 0.099 0.027 0.006 275 0.0183 0.0193 0.71 0.714 
0.39 0.109 0.035 0.0157 2000 0.0220 0.0186 5.65 5.356 
0.39 0.107 0.0 .016 3000 0.0275 0.0243 6.9 7.9 
0.38 0.109 0.037 0.0205 4360 0.0190 0.0197 9.5 9.9 
0.38 0.111 0.042 0.0265 9250 0.0190 0.0198 18.6 19.1¢ 


@ Yield point observed at 800 psi; calculated S = 150,000 psi. 

6 Yield point observed at 3200 psi; calculated S = 160,000 psi. 

© Calculated S = 190,000 psi at 9250 psi. 

Note: The dimensions are given in inches, pressures in psi, torques in pi; 
the pressure element was made of steel (E = 30,000,000 psi, o = 0.3). 


Appendix 


Referring to Equations [12] and [13], and writing b/e = ¢ 


1 = 
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34 =_1) 4 
| 
(1 +55) 
=f 


=~—B 


The expressions for . .@33 are 


8 
R? 8\6 9 4 
1 


32\3 2) ¢B 
1 
145 15° 3° *a4$ 8 3 


24 2 


2Echb* 


(1435) 
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The Influence of Oil-Film Journal Bearings 
on the Stability of Rotating Machines 


By A. C. HAGG,' EAST PITTSBURGH, PA. 


The self-excited vibration caused by the lubricating 
films of journal bearings and commonly called oil-film 
whirl or oil whip is discussed. The upper limit of whirling 
frequency has been found to be one-half rotational fre- 
quency in the general case; actually the phenomenon 
will manifest itself at a frequency which is invariably 
below this limit. Stability criteria have been developed 
for certain common systems in terms of bearing and rotor 
parameters. The tilting-pad bearing of Michell has been 
established as a so-called “‘stable’’ or ‘‘nonwhirling’’ 
bearing. This bearing and related types are probably 
the only oil-film journal bearings which are incapable of 
exciting oil whip, regardless of the system to which they 
are applied. Qualitatively the results of the paper appear 
to be in agreement with observations. In certain cases, 
results have been substantiated experimentally. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


Symbol Dimensions 

n = radial clearance of journal in bearing. . . L 

€ = eccentricity of journal................ L 

€ 

l = circumferential length of bearing surface L 

w = width of bearing surface....+........... L 
A = projected area of journal.............. L? 

= angular velocity of journal............ 


_ 49 _ angular velocity of journal center 


dt about bearing center............ 
= viscosity of lubricant................. 
p = load per unit projected journal area... . ML-! T-3 
B = bearing-force constant................ MT"! 
c, D = bearing-damping constants............ MT"! 
m = mass, usually rotor mass.............. M 
», = natural frequency of rotor in bending or 
on “spring” of lubricating film......... 
T = bearing torque constant.............. ML? T-! 
7, = rotor inertia about rotating axis........ ML? 
I, = rotor inertia through CG and normal to J; ML? 


INTRODUCTION 


A self-excited vibration known as oil-film whirl or oil whip 


1 Research Engineer, Research Laboratories, Westinghouse Electric 
Corporation, 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., November 26-29, 1945, of 
THE AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1946, for publication at a later date. Dis- 
cussion received after the closing date will be returned 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


sometimes occurs in rotating machines employing oil-film journal 
bearings. Usually the rotor is the major vibrating element, 
although in some machines the instability may be manifest to 
the same or greater degre* in nonrotating parts; in either case 
the forces doing work in support of the vibration come from oil- 
film pressures of the bearings. Oil-film whirl is characterized by 
relative motion of journal and bearing in an area-enclosing path 
usually circular or elliptical, and in the direction of machine 
rotation. The motion of the rotor proper or of the nonrotating 
elements may or may not be magnified, depending upon the 
masses and flexibilities of the system. In many cases the vibra- 
tion frequency may be nearly one-half rotational frequency; 
however, the frequency of oil-film excited vibration is invariably 
less than one-half rotational frequency. 

It may be mentioned in passing that unbalance vibration, alone 
or in combination with oil-film excitation, may cause instability 
at a frequency which is exactly one-half or one-third rotational 
frequency. This phenomenon has been fully explained by 
Baker,? and can be corrected or reduced to oil-film whirl by suffi- 
ciently good rotor balancing. 

Instability caused by oil-film journal bearings has been in- 
vestigated from time to time,*:*-5 and the phenomenon has been 
controlled in many cases with success. However, oil-film whirl 
remains a troublesome vibration problem, especially in the 
higher-speed machines and in those with vertical shafts. 

The present discussion covers some of the rational aspects 
of this stability problem, and draws attention to certain types of 
journal bearings which are useful in securing machine stability. 


Upper Limit oF WHIRLING FREQUENCY 


The upper limit of whirling frequency is determined by the 
bearing. Robertson‘ has shown by means of hydrodynamical 
theory that, neglecting friction forces, the resultant film force 
due to journal rotation in an ideal bearing is at right angles to the 
eccentricity, and is just balanced by resultant force due to whirl- 
ing when the whirling frequency is one-half rotational frequency. 
This result represents the upper limit of whirling frequency for 
an unloaded ideal bearing. The same result can be deduced more 
directly by considering the continuity condition that the volume 
of lubricant passing through the film at some point A, Fig. 1, 
must equal the volume passing point B plus the volume required 
to fill the void of the receding journal. In the limiting condition 
no pressure can exist in the film, hence side leakage is zero, and it 
follows that 


Q 


and 


2 “Self-Induced Vibrations,” by J. G. Baker, Trans. A.S.M.E., vol. 
55, 1933, paper APM-55-2, sect. 13. 

3 “Shaft Whipping Due to Oil Action in Journal Bearings,” by 
B. L. Newkirk and H. D. Taylor, General Electric Review, August, 
1925, vol. 28, 1925, p. 559. 

4“Whirling of a Journal in a Sleeve Bearing,’ by D. Robertson, 
Philosophical Magazine, series 7, vol. 15, 1933, p. 113. 

5 “Ojil-Film Whirl—A Nonwhirling Bearing,” by B. L. Newkirk and 
L. P. Grobel, Trans. A.S.M.E., vol. 56, 1934, p. 607. 
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The same result is obtained regardless of where points A and B 
are taken. 

The same continuity condition may be applied to the general 
case given in Fig. 2. Assuming that the pressures due to a steady 


Fie. 2. JouURNAL 
BEARING 


Fic. 1 IpgAL JouRNAL BEARING 


load do not influence the circulation caused by whirling 


aQ. 
008 + 8) — cos (a + 8) 
+ dwp cos (a + 8) — awp cos (¢ + B)...... [3] 


and 


In reality the upper limit of whirling frequency is reduced 
more or less from r because of fluid friction and bearing leakage. 


The actual oil-whirl frequency of a given system is dependent 
upon other factors besides the bearing; however, it is important 
to note that whatever its value, it must be less than one half the 
running frequency of the journals. 

Case or O1t-Fitm WHIRL 


Referring to Fig. 1, the equations of motion for small oscilla- 
tions of a journal mass in a fixed ideal bearing are, in polar co- 
ordinates 


where P can be surmised to be of the form 


dé 
P=B8B € —2 4 € 
where B is the bearing characteristic. Its value has been deter- 


mined by Robertson,‘ and a simplified approximate expression is 


B 


Substituting the value of P in Equation [4], assuming a solution 


of the form « = ee™, and remembering that ois a constant for 


linear systems 
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solving for \ 


It is evident that a value of \ exists which is real and positive 
for all values of Q greater than zero, hence ¢ increases with time 
and the motion is unstable. From Equation [4] 


\at 


and the whirling velocity is 


2mQ 
In many cases = is small compared to unity, and expanding the 


radical of Equation [8] in a power series and neglecting higher- 
order terms this equation reduces to 


Hence even though the natural frequency of the system is zero, 
the driving force is sufficiently strong to give whirling near the 
upper limit of frequency. 

In practical cases with unloaded bearings the amplitude of 
whirl is limited by the bearing clearance, yet for rigid rotors the 
conditions with respect to the vibration still correspond closely 
to the ideal case. Any contact of the journal and bearing effects 
a tuning of the system so that the frequency may be higher than 
that indicated in Equation [8}. 

A vertical pump motor rotor with a self-aligning ball bearing at 
the top and an 8 X 8-in. full journal bearing at the bottom 
was observed to whirl in the manner of a pendulum, and from a 
few revolutions to 1200 rpm the whirling frequency held to slightly 
less than one-half rotational frequency in accord with calculations 
based upon the ideal case. Vertical turboblowers and high-speed 
motors have been observed to exhibit the same characteristics 
with respect to frequency. The model, Fig. 12, whirled at a fre- 
quency slightly less than one-half running frequency when 
fitted with a full journal bearing as can be noted from records of 
the vibration Fig. 13 (a) and (b). * 

In the lower-speed machines, bearing clearances of about 0.001 
in. per in. diam of bearing usually reduces the vibration of rigid 
rotors to permissible limits. It appears that eccentric running 
of the journals caused by rotor unbalance may in some cases 
eliminate whirling of rigid rotors in bearings of small clearance. 


DISCUSSION OF THE PROBLEM OF MACHINE STABILITY 


The previous example of whirling of a journal mass in a fixed 
ideal bearing is useful in visualizing the action of the lubricating 
film in exciting a vibration, and actual cases do occur which can 
be explained in this simple manner. However, the situation in 
general is very much more complicated. Formal mathematical 
consideration of the general case becomes hopelessly complex; 
however, a qualitative examination can be useful in showing 
the possible extent of the stability problem and in appraising the 


ee > 2 m 2m 
B B\? Boa 6) 
2m 2m 2m 
(= 
y de B B\? Ba 
Raa dt 2m 2m 2m 
\ 
See which can be rewritten 
B I, + 2mQ (8) 
2m V B 
2 
2 
+in— — = P 
dt? dt dt 
re 
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applicability of stability criteria for special cases. For this pur- 
pose a dynamical idealization consisting of three spring-damper- 
mass systems in series, as shown in Fig. 3, is probably sufficiently 
representative. The parameters k,, c;, and m, represent the non- 
rotating parts; k,; and c; represent the lubricating film where c2 
may be positive or negative; and mz, k3, c;, and m; represent the 
rotating element. Of these parameters k;, c,, ™m:, m2, and m, 
can be considered as constants and the remaining ones are func- 
tions of speed and load, especially kz and co. 


Fie. DynamicaL SysTeM 


When the parameters ¢;, c:, and cy are positive, i.e., damping 
elements, it is clear without any analysis that the system is stable 
for all modes of vibration. In actual cases c; is always positive 
and ¢, can usually be considered negligibly small so that the 
possibility of self-excited vibration of some natural mode rests 
with the oil-film parameter c,. If ¢, is positive the system is 
stable; if it is negative the system may or may not be unstable. 
The final answer in this latter case must of course depend upon 
all parameters of the system. On an energy basis the system is 
stable when the total damping energy of the system exceeds the 
total exciting energy for any mode of vibration. This permits 
the possibility of a negative value of c, in a stable system. 

Relative motion between the masses m, and mz is required 
for the oil film to do work on the system, hence the mode of self- 
excited oil whirl involves relative motion of journal and bearing. 
Cases have been observed where the self-excited mode involved 
considerable motion of both rotating and nonrotating parts; how- 
ever, the massiveness and the damping of nonrotating parts 
usually results in small motions of m; compared to motions of m2, 
and for analysis the bearing may be considered as fixed and the 
case simplified to a two-mass system. The same situation would 
occur when the natural frequency of the nonrotating element is 
high compared to the natural frequency of the rotor. 

When the natural frequency of the rotor is somewhat greater 
than the upper limit of whirling frequency, that is, about one half 
the running frequency, the rotor behaves as a rigid body so that 
with fixed bearings the case is a one-mass system, corresponding 
to the system assumed in the example of the preceding section. 

Assumption of fixed bearings is usually essential for a stability 
analysis, and this assumption is a fairly reasonable one in most 
cases, and leads to useful results. However, the possibly more 
complex nature of the stability problem should be kept in mind, 
in spite of simplifying assumptions for analytical purposes, es- 
pecially in the diagnosis of a particular case at hand where the 
mode of vibration can usually be determined. The elimination of 
oil whip in a particular turbine by a prop under a steam supply 
pipe becomes less mysterious with the broader view of the prob- 
lem. It should also become clear that the experimenter must 
understand his test system if rational results are to be obtained. 


Systems Partiat Bearines UNDER STEADY Luap 
Partial bearings with clearance are extensively used in the 


support of horizontal rotors; therefore it is of especial interest to 
consider systems employing this type of bearing. 

The characteristics of the partial bearing can be noted in Fig. 

4 which shows the position of the journal center, i.e., the param- 

a\2uN 


eters «and y, asa function of the operating variable (: _—. 
n 


Naturally the journal locus varies with are length and width of 


| 
| 
INCREASING 


Fig. 4 Journat Locus 


BEARING 


Fie. 5 Journat Locus 


bearing; however, the loci are similar for the various partial bear- 
ings with clearance. 

Considering a small angular displacement of a journal dy 
from some position of equilibrium ¢ and y, from geometry of the 
lubricating film, it will be assumed that the resultant film force 
acting on the journal will not change appreciably in magnitude, 
but will change its direction by the angle of the displacement. 
Referring to an enlarged section of the journal locus, Fig. 5, the 
forces F, and F, on the journal for the small displacement (z, y) 
are 


€ € 
— y— eon tan) 
OP .. 
Py = Sr Ae = sin + y cos | 


(a) Rigid Rotor in Fixed Bearings. If we let 
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ky = — (sin y tan y + cos y) 
€ 


P 
D, = — (sin y — cos y tan y) 
€ 


= 


oP 
D, = > Y 


and assume for the moment that the rotor mass is supported by 
a single bearing, the equations of motion of the rotor which par- 
takes of the same motion as the journal are® 


\ 


ad? d 
+ hz — Dy =0 
dt? dt 
[12] 
= 


where m is the mass of the rotor and c is the bearing damping 
constant taken to be approximately the same in the z- and y- 
directions. 


Assuming a solution of Equation [12] of the form 
z= A,e™, y= 


the characteristic equation is obtained 


m 
kc kik D,D 
m m m 
This equation is of the form 


A4 + + + + a = 0 


and for stability, by Routh’s criteria, the coefficients a3... .ao 
must be positive, and 


> + a3" 


The first requirement is always satisfied and the second require- 
ment yields the condition for stability 


k 
(ky ke)? 2c? ( 4D,Dz {14] 


Solution of Equations [12], assuming zero damping, gives the 
stability criterion 


which is, as expected, simply condition [14] without the damp- 
ing term. This result corresponds to Stodola’s criterion, and it 
may be quite pessimistic because the damping term 


m m 


6 “‘Kritische Wellenstérung Infolge der Nachgiebigheit des Oel- 
polsters im Lager,’’ by A. Stodola, Schweizerische Bauzietung, vol. 
85, 1925, p. 265; also ‘‘Kritische Drehzahlen als Folge der Nach- 
giebigheit des Schmiermittels im Lager,” by C. Hummel, Forschungs- 
arbeiten, V. D. I., Heft 287, 1926. Stodola’s equations written 
specifically for the half-bearings are similar to Equation [12] except 
the damping term is omitted. 
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in the condition, Equation [14], is seldom negligibly small, and in 
many cases it may be larger than 


(ki — ka)? 


Criterion [14] is applicable to the usual approximately sym- 
metrical system in which the rotor mass is contained between the 
bearings, and the average film pressure is about the same in 
each bearing, because in this case the mode of vibration yielding 
the lower frequency will correspond to the conditions for which 
Equations [12] are written, namely, that the journals and rotor 
partake of the same motion. Naturally the various bearing con- 
stants in criterion [14] will be the sums of the individual bearing 
constants. 

The constants in criterion [14] can be evaluated for systems 
employing the 120-deg bearing from the curves, Figs. 6 and 7, 
and with the following formulas? 


(:) ( ) 
dc n/ — bs) 


where G, and G, are two values of the operating variable corre- 
sponding to b; and b; taken from the curve Fig. 6(b), in the im- 
mediate vicinity of the operating point 


where b and y specify the journal position under operating condi- 
tions, and b’ and y’ define a point at slightly increased value of 
the operating variable, that is to the left of the operating journal 
position in Fig. 7. 

The damping constant c can be extracted from a later develop- 
ment Equation [43] and is 


where the quantities are as defined in the nomenclature. 
Criterion [14] indicates, not quite directly, that decreasing 


ore... 
values of (°) . gives increasing stable speed limits; however, 
n/ p 


the damping term permits the possibility of a stable system even 
though the journals are running nearly concentrically. These 
indications have not as yet been substantiated by systematic 
tests, but qualitatively the criterion appears to follow field ob- 
servations. 

By considering possible modes of rotor vibration, equivalent 
systems can be constructed for overhung rotors and for special 
bearing loadings so that criterion [14] may be applied in these 
cases. 

(b) Flexible Rotor in Fixed Bearings. A system in which the 
lowest natural frequency of the rotor in bending is less than 
the upper limit of whirling frequency is usually unstable. With 


lightly loaded bearings this upper limit is a maximuny of 7 as 


established in the section, ‘‘Upper Limit of Whirling Frequency,” 
and the stability criterion may be expressed as 


which may also be interpreted as the condition for which criterion 


7 Curves are plotted for real bearings from data in ‘‘Effects of Side- 
Leakage in 120-Degree Centrally Supported Journal Bearings,’’ by 
S. J. Needs, Trans. A.S.M.E., vol. 56, 1934, table 2, p. 726. Data 
on other bearings are contained in the paper, ‘‘Characteristics of 
Centrally Supported Journal Bearings,” by E. O. Waters, Trans. 
A.S.M.E., vol. 64, 1942, pp. 711-719. 
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Fig. 7 


[14] applies. With heavily loaded bearings the factor '/: in 
criterion [19] may be replaced by a smaller one, perhaps '/3, 
because the upper limit of whirling frequency is reduced by the 
increased side leakage which accompanies high film pressures. 
Sometimes the mode of vibration may involve small relative 
motion of journal and bearing so that the energy input to the 
system is not sufficient to overcome whatever damping exists, and 
the speed at which instability occurs may be appreciably higher 
than that indicated by criterion [19]. Heavy and asymmetrical 
loading of the bearings and possibly imperfect lubrication may 
occur with bending vibration of the rotor, and doubtless these 
effects influence the stability characteristics of a system. On 
these bases it seems plausible that rotors whose mass is contained 
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between bearings may have a higher stable speed than overhung 
rotors, even though the lowest natural frequencies are the same. 

It is desirable to keep the lowest natural frequency of the rotor 
greater than one-half rotational speed of the machine; however, 
observance of this rule alone does not preclude the possibility of 
oil whirl of the rotor as a rigid body, and hence criterion [14] 
should also be satisfied. 

Tn some designs observance of one or both of the stability 
criteria for partial bearings may be very difficult or even impos- 
sible, and in these cases it may be necessary to employ special 
damping devices or to substitute other type bearings which are 
discussed later. 


Frxep-Pap BEARINGS 


A fixed-pad bearing is a multiple-film type (see Fig. 8) con- 
sisting of a series of tapered pads over the bearing surface, each 
pad being separated by a longitudinal groove. These bearings are 
especially useful from a stability standpoint for rigid rotors in 
which the bearing load might be in any direction or for vertical 
guide purposes, 


Fig. 8 


Frxep-Pap BEARING 


Fie. 9 Force System, Frxep-Pap BEaRING 


The characteristics of this bearing are similar to a full sleeve 
bearing except the resultant film force acting on the journal for 
eccentricities up to about one half the radial clearance is at 
some smaller angle to the line connecting journal and bearing 
centers, as indicated in Fig. 9. 

Censidering a symmetrical system in which the bearings ‘are 
lightly loaded, as, for example, a vertical rotor, the equations of 
motion for the rotor mass which executes the same motion as the 
journals are 


m m + BOe cos y + 0 

dt 

de dé de 
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dé 
assuming « = «e™ in Equation [20] and remembering that a 


is a constant for oscillations of linear systems, the characteristic 
equation is 


2 
4 m? 


m? m 


(22 cos (2 cosy B*Q? sin? ”) 


4m! 


4m3 4m? 
[21] 
and the criterion for stability becomes 
(22) 
4m3 4m? 
which if BQ > 0 simplifies to 
D? cos 
mB sin? y 


Referring again to Fig. 9, at the threshold condition the forces 
at right angles to the displacement e yield 


Substituting Equation [24] into criterion [23] and taking the 
upper limit of frequency 


This condition for stability is equivalent to criterion [14] where 
ky = ke. 

The corresponding criterion for the angular mode in which 
gyroscopic effect must be taken into account is 


where the quantities are as defined in the nomenclature. 

Criteria [25] and [26] as previously mentioned apply to the 
symmetrical case, i.e., where the resultant of bearing forces, for a 
given rotor translation is directed approximately through the 
center of gravity of the rotor. Criterion [26] can also be 
applied to any known angular mode by taking the bearing mo- 
ments and rotor inertia about the nodal point. 

If we multiply criterion [25] by Q@ we get a familiar looking 
form 


since BQ cos y is the “spring constant” of the bearing. This 
suggests that asymmetrical systems can be considered by cal- 
culating the natural frequency of the rotor on the “springs” of 
the lubricating films and then testing for stability using Criterion 
[25a]. 

A series of experiments, the details of which cannot be revealed 
at this time, were carried out to test the validity of criteria [25] 
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and [26] and the results were in good agreement with predictions, 
utilizing measured load-deflection characteristics of the test 
bearings. 

A recent article’ in the German literature gives some charac- 
teristics of the multiple-pad bearing which may prove useful in 
stability studies. 


Tittinc-Pap BEearInGs 


The stability aspects of the tilting-pad journal bearing seem 
to have been neglected in the literature, This is quite unusual 
because it has most interesting and useful characteristics; indeed 
the tilting-pad bearing can be rightly classified as a so-called 
“stable” or ‘“nonwhirling”’ bearing.® 

The stability of dynamical systems considered in previous 
sections was indicated from the character of the solution of the 
equations of motion. For the case of the tilting-pad bearing, an 
energy consideration appears attractive because it leads to a more 
complete result. Evidently if the exciting energy or work done 
per cycle of displacement, by the oil-film pressures generated by 
journal rotation, is less than the damping energy or work done 
per cycle on the oil film as a result of machine vibration, the sys- 
tem is stable. Conversely, an excess of exciting energy for some 
mode of vibration indicates the possibility of self-induced vibra- 
tion. 

In the development which follows it is assumed that the 
bearing-pad arrangement satisfies conditions for the static stabi- 
lity of the rotor; that the flow of lubricant is laminar in character; 
that each pad is mounted at a point which can be called the pad 
pivot point, and that this point is fixed relative to the bearing 
assembly; that the pad-pivot-point friction is small compared to 
other forces and can properly be neglected, and that thus a pad 
adjusts its position about the pivot point under the action of the 
oil-film pressures alone. 

(a) Exciting Energy. Considering a single pad of the bearing 
assembly, the lubricating-film forces caused by journal rotation 
are, Fig. 10, the resultant P of the film pressures acting on the 
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journal through its center, a reaction of the film pressures P’ 
equal to P and acting along a line through the center of pad curva- 
ture, a fluid friction force F acting on the journal and a reaction 
F’ acting on the pad. If dis the moment arm of P’ about the pad 


8 ‘‘Reibungswiderstand und Tragkraft eines Gleitschuhes endlicher 
Breite,”’ by W. Frossel, Forschung auf dem Gebiete des Ingenieurwesens, 
vol. 13, No. 2, March and April, 1942. 

® The Nomy-pad bearing is also a ‘‘stable’’ type although it may not 
be particularly applicable to the higher-speed machines where stability 
becomes a problem. 


5 
dt 
dé 
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sal a further simplification of criterion [23] is obtained 
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pivot point, and g is the moment arm of F’ about the same point, 
by equilibrium of the pad 


F’ 


The moment arm g is small (possibly zero) compared to other pad 


dimensions, and since the quantity _ the coefficient of friction 
is very small compared to unity, the moment arm d becomes so 
extremely small that P’ can be considered as always acting 
through the pad pivot point. Further, the center of pad curva- 
ture and the journal center are separated by a small distance 
compared to the bearing radius, and it follows that the lubri- 
cating force P acting on the journal through its center is directed 
through the pad pivot point. 

Because the bearing pad is pivoted and free to rotate, not only 
is the direction of P from pivot point to journal center, but the 
magnitude of P is a single-valued function of the distance p 
separating the pivot point and journal center. 


where f(p) is a single-valued function of the magnitude of p only. 
The work done on the journal and its counterparts by P for a dis- 
placement of the journal center along any curve c is expressed by 
the line integral 


where @ is the angle between the direction of the force P, that is* 
the direction of p, and the direction of the displacement ds on the 
curve ¢. 


But cos @ = < so that Equation [28] becomes 


Work = ff [29] 


If c is a closed curve, the important result is obtained that the 
work W > done by the principal force P during one complete cycle 
is 


because the integration is carried out over a range of p first in 
one sense and then in the opposite sense. It follows that zero 
-work is done on the rotor by the film pressures of a plurality of 
pads making up the bearing without stipulation as to number or 
arrangement, and that this result is not altered by the effect of a 
steady bearing load or by machine characteristics as for example 
critical speeds. 

The result Equation [30] does not hold true for the plain journal 
bearing or a fixed-pad bearing previously considered because in 
these cases the direction of P is not always through a fixed point 
in the bearing, so that for these we do not have cos @ = “ 
and hence we may not pass from Equation [28] to Equations 
[29] and |30). 

The friction force F acting on the journal does positive work 
on the rotor if the journal center moves along some area-enclosing 
ath in a direction opposite to the journal rotation. However, 
.t can be judgéd that this effect is negligibly small, and rightly so 
decause calculations indicate that the rotational frequency 
vould have to be several hundred times the lowest natural fre- 
juency of the system before the friction energy could overcome 
jamping in the bearing which will now be considered. 


10 It is obvious that similar conclusions apply to any motion of the 
bearing and associated parts considering the journal as fixed. 


(b) Damping Energy. In the previous part of this section the 
forces considered were generated by rotation of the journal 
about its center; in this part the forces considered are generated 
by motion of the journal center along some curve as may be ef- 
fected by machine vibration. It is assumed that the force func- 
tions are approximately linear for eccentricities of the journal 
center up to about one half the radial clearance n, and so for the 
purpose at hand the effect of journal rotation on the force com- 
ponent caused by journal center motion can be neglected. 

A given displacement of the journal toward a particular pad 
results in a decrease in the film thickness h, and during the dis- 
placement lubricant is “‘squeezed”’ out of the decreasing clearance 
volume; conversely, if the displacement is away from the pad 
the lubricant is “drawn’”’ into the increasing clearance volume. 


Fig. 11 DampinG Force-ENeRGY System 


In either case the resulting force is in opposition to the journal 
center velocity during the displacement and thus the motion is 
damped. 


Neglecting inertia forces, the equation of laminar flow of fluid 
between two planes is 


d 
where = is the pressure gradient, Q, is the flow in the z-direction, 


» is the viscosity of the fluid, and h is the distance separating the 
planes. For the present case, Fig. 11, where the journal center 
is executing a circular motion about the bearing center, that is a 
harmonic vibration, and assuming flow in the z-direction only 


Q, = ewt cos wt 
ho = 9 + e€sin wt 
where ho is the film thickness at the pivot point and is taken to 


represent the average h over the pad; the pivot is assumed to be 
approximately in the center of the pad. Letting 


€w COS wt 
+ esin wt)* 
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Equation [31] becomes 


dz 


Integrating Equation [383] and using the boundary conditions 


l 
atz = + 2 p = 0, the pressure p is 


The total force P, over the area of the pad of width w for flow 
in the z-direction is 


+ 1/2 1\? 
P, = (4) dx 
—1/2 2 


Similarly if flow occurs in the y-direction only 


or 


Actually flow occurs in both z- and y-directions, i.e., the flow is 
in parallel, and the resisting or damping force Pp is 


fx 
Pp = [37] 
or 
Bw 
rs 4p [38 } 


The work done per cycle W by the rotor on the oil film (period = 
T) for a circular oscillation of the journal center about the bear- 
ing center is 


The force Ppis given by Equation [38], v is ew cos wt, substituting 
d(wt) for dt, and changing the upper limit to 2x 


[3w3 cos? wtd (wt) 


The definite integral in Equation [40] can be evaluated to a good 
approximation by substituting 7’ for the denominator of the func- 
tion under the integral sign, and W for n pads becomes 


+ w?) 
For square pads of side s Equation [41] becomes 
nrpwers* 
[42] 


Equation [41] is damping energy per cycle of journal oscillation, 
whether the oscillation is forward or backward with respect to 
journal rotation, because the forces in either case oppose journal 
center motion. 

The damping constant c for a tilting-pad bearing can be readily 
determined from Equation [41] by dividing by 27e*w 


_ mm ) 


The damping of the tilting-pad bearing, as indicated by 
the foregoing formulas, is of the same order of magnitude as the 
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damping in other types of journal bearings; however, in contra- 
distinction to the more conventional types, the tilting-pad bearing 
is incapable of doing work on the journal regardless of the mode 
of machine vibration. Hence not only is the bearing incapable of 
exciting or sustaining a vibration, but the bearing damping is 
effective in overcoming rotor frictional effects which sometimes 
lead to 

(c) Experiments. A simple experimental model, shown in 
cross section in Fig. 12, was improvised to check qualitatively“the 


VIBRATION RECORDER 


DRIVE PULLEY 


NAL 


. | 
ra |_LTEST BEARING 
\ 
| 
% 


Fic. 12) Test 

results of the analysis. The journal consisted of a brass plug 
about 2.7 in. diam and 3 in. long, and was supported through a 
spindle by means of a metal disk attached to a drive pulley. 
The drive pulley in turn was supported by close-fitting guide 
bearings and a thrust surface. The metal disk acted as a spring 
hinge and the rotor vibration was about this hinge in the manner 
of a pendulum. The natural frequency of this system was very 
low; about 3 cycles per sec. The upper extension of the spindle 
was utilized with a stylus and recorder to secure records of a 
lateral component of the journal center motion. 

A plain guide bearing was installed in the model initially to 
check whether damping in the model other than that in the test 
bearing could obscure the results, and also to secure oil-whir! 
records for comparative purposes. Two tests were carried out 
with a plain bearing using light mineral oil for the lubricant; the 
viscosity of the oil was 18 centipoises at the operating tempera- 
ture. The first test was made with a bearing clearance of 0.005 


11 “Shaft Whipping,’’ by B. L. Newkirk, General Electric Review, 
vol. 27, March, 1924, pp. 169-178. 

12 “Internal Friction Theory of Shaft Whirling,’’ by A. L. Kimball, 
General Electric Review, vol. 27, April, 1924, pp. 244-251. 

13 “Influence of Friction Forces on the Stability of High-Speed 
Rotors,” by P. Kapitza, Journal of Physics, Institute for Physical 
Problems, Moscow, U.S.S.R., vol. 1, 1939, no. 1, pp. 29-50. 
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in. on the diameter, and in the second test the clearance was in- 
creased to 0.030 in. on the diameter. In both cases violent whirl- 
ing occurred at a frequency of slightly less than one-half rotational 
frequency; the amplitude of vibration was, of course, consider- 
-ably greater in the second test. Records of this vibration at 950 
rpm and 1800 rpm,are shown in Fig. 13(a) and (6). The right- 
hand part of the record in which only unbalance vibration is 
shown was obtained by damping the rotor by hand; it can be 
noticed that upon release the whipping starts within 1 revolution 
of the journal. 

The tilting-pad bearing tested consisted of six segmental pads 
which were supported radially through pivot buttons by a steel 
ring, and were held in position by flat steel strips. The flat 
Strips, besides providing axial and tangential support for the pads, 
also provide a slight spring action which holds the pads against the 
steel ring. One or more pads could be readily removed from 
the bearing assembly and thus the effect of number and arrange- 
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ments of pads on stability could be checked. The model with the 
pad bearing installed is shown in Fig. 14. 

Two sets of tests were carried out with various numbers and 
arrangements of the bearing pads as identified in Fig. 15. The 
lubricant was the same as previously used. As indicated in the 
table, the model was stable in all cases. Records of the journal 
vibration operating with a six-pad arrangement and 0.030 in. 
diametral clearance are shown in Fig. 13(c) and (d). The jumps 
in the records were caused by load impulses applied to the journal 
by hand in an effort to excite vibration. It can be noted that the 
journal motion caused by the impulse is damped out within about 
2 revolutions of the journal, and all that remains is the forced 
vibration caused by unbalance. 


SUMMARY AND CONCLUSION 


The self-excited vibration commonly called oil-film whirl or 
oil whip has been discussed and methods of approaching this in- 
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creasingly important vibration problem in a rational manner 
have been indicated. For certain common systems stability 
criteria have been developed. The tilting-pad bearing has been 
found to be incapable of exciting or sustaining a vibration and 
hence appears very promising in application to high-speed rotors 
where stability is sometimes difficult to achieve. 
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Qualitatively, the results of this paper appear to be in agree- 
ment with observations. In certain cases criteria have been 
substantiated experimentally. 

It is obviously beyond the scope of this paper to classify and 
pigeon-hole the stability problem in terms of the many possible 
variations in conditions and types of machines; however, it is 
hoped that the methods and results are a step toward the estab- 
lishment of rational and practicable design criteria for achieving 
stability of rotating machinery. 
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Analytical Expressions for 


Principal Strains 


By W. T. THOMSON,! MADISON. WIS. 


Recent methods by G. Murphy (1)? and N. J. Hoff (2) 
enable the graphical evaluation of principal strains from 
strains measured along any three intersecting lines. 
When the two angles between gage lines are equal, the 
principal strains may be determined from simple analyti- 
cal expressions without reference to the graphical solution. 


between gages, the common rosettes having gages oriented 

at 45 or 60 deg with each other. When gage 1 and 3 are 
symmetrically oriented with respect to gage 2, as shown in Fig. 
1, the principal strains may be evaluated from the following 
equations 


G eevee rosettes are generally constructed with equal angles 


Fia. 1 


+ 


tana 


€max = €2 + 
mie 2 sin 2a tan a 2 sin 2a cos[2(a@ + 6) — 90] 
[2] 
— 
max sin 2a cos[2(a + 6) — 90] (3) 
where 
6 = angle measured from principal strain to «, (positive 


counterclockwise) 
a = angle between gages 


1 Associate Professor of Mechanics, University of Wisconsin. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Proof. Construct Mohr’s circle, Fig. 2, as outlined by G. 
Murphy (1). The construction is started by sealing €., €2, ¢3, hori- 
zontally from an arbitrary vertical axis. Lines, each making 
the angle a with the vertical, are then drawn through an arbi- 
trary point D on the vertical through «. The intersection of 
these lines with verticals through e,; and e; determines the circle 
ACD. The center of the circle O is now determined and the line 
OA then makes an angle 2@ and the graphical solution is com- 
plete. 

To develop the analytical expressions for the principal strains, 
continue with the following construction. Draw a perpendicular 
bisector to line AC. It will pass through the center of the circle 
and point B, and the triangle ABC will be isosceles with the two 
equal angles equal to a. Triangles ABO, ABD, and ABC all 
subtend the same arc, and hence angle BCA = a@ and angle 
BOA = 2a. The other angles are then obvious from the dia- 
gram. 

The angle @ between the principal strain and e is determined 
from the right triangle ACE, from which the following equation 
is obtained 


tan [2(a@ + 4) — 90] = (e, — €3) tan a 


For the magnitudes of the principal strains, the co-ordinate of 
the center of the circle is determined and the radius R of the circle 
is added or subtracted. The co-ordinate of the center of the circle 
is 


0'O =e + R sin [2(a@ + 0) — 90).......... [a] 


From triangle ACE 


From triangle A FO 
AC — 
R= = (« wee [c] 
2 sin2a 2 sin 2a cos + 6) — 90] 
Substituting for R in [a] 
= + - tan + 6) — 90) 
2 sin 2a 
— + €3) 
Adding or subtracting R, the principal strains become 
~ sin2atana 2 sin 2a cos [2(a + 6) — 90] 


The maximum shear strain is the difference of the principal 
strains, which from Equation [2] becomes 


— 4) 


‘min ™ sin 2a cos [2(a + 6) — 90] 


[3] 


Amax = €max 
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2(«+0)~90° 


2x 


Special Case for a = 45 Deg. When a = 45 deg, the line AC 
becomes the diameter of the circle. The substitution of a = 45 
deg into the general equations results in the following special 
equations 


— + €s) 


tan 20 = 
(e €3) 
ate 
a 2 2 cos 20 
—— €3 
cos 26 


Special Case for a = 60 Deg. Substituting a = 60 deg, the 
special equations for the 60-deg rosettes become 


— + €3) 
— «:) 


tan (30 + 26) = 


1 €3) 
+ + = 
1/3 cos (30 + 29) 


2(e, €3) 


Ama = —= 
/3 cos (30 + 26) 
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Flat Spring With Large Deflections 


By F. HYMANS,! NEW YORK, N. Y. 


This paper gives an analysis of a flat spring initially 
curved and inserted in the apparatus of which it is an ele- 
ment in a buckled condition. The unstressed spring is 
shaped in the arc of a circle, and it is shown that then, and 
only then, the problem may be reduced to that of an ini- 
tially straight bar by adding to the actually impressed 
force a couple which, if acting alone, produces the initial 
curved shape. On this basis the paper ascertains the 
various possible shapes of the buckled spring and the forces 
associated with them. It is shown that these must have 
at least one point of inflection of the elastic line. More 
particularly, there are two shapes, each with a single point 
of inflection, yet differing widely in their properties. In 
one of them there is a range of instability while the other 
is stable throughout. Finally, it is shown how by a suita- 
ble variation of parameter shapes two or more points of 
inflection may be obtained. 


HIS paper is concerned with a rather unusual case of a flat 

spring which has been proposed as an element in one of the 

designs of the author’s company. In its initial and un- 
stressed shape, as shown in dotted lines in Fig. 1, it is formed in 
the are of a circle of radius R. The spring is then buckled inward 
by hand, its ends fitted between two supports B and B,, where- 
upon the spring when freed of constraint assumes some shape as 
BAB, shown in full lines in Fig. 1. In this shape the spring is 
equilibrated by two equal and opposite forces Q, and the problem 
is to determine shape and properties of the buckled spring under 
the action of various forces Q. 

One of these properties is that the curvature at B and B, re- 
mains unaltered at the initial value 1/R inasmuch as at the said 
points the forces Q have no bending moment. On account of 
symmetry it is also clear that only one half of the spring, say, 
the half AB, need be considered with the end A appearing as 
clamped or fixed, as shown in Fig. 2(a). 

The initial curvature at any point of the spring as for example at 
Cis1/R. If then p is the radius of curvature at C in the stressed 
configuration, the change in curvature in the present case will be 
expressed by 


l/p + 1/R 


The + sign here is used because of the fact that in the stressed 
condition the curvature of the element under consideration is the 
reverse of the initial curvature. 

According to the theory of flexure, the change in curvature 
must equal the bending moment divided by the flexural rigidity 
“I, and with spring referred to axes AX and AY in Fig. 2a, 
this leads to the equation 


l/o + 1/R = — y)/El..... {1] 


1 Otis Elevator Company. Mem. A.S.M.E. 
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Placing 


1/R = 


M has the meaning that it is the couple which if acting at the free 

end of an initially straight spring will bend it into the are of a 

circle of radius R and so will produce its initial curved shape. 
Substituting for R in Equation [1] gives 


= {—M + —y)}/EI 


This, however, is the equation of a bar, initially straight, subject 
at its free end B to a force Q and a couple M, as shown in Fig. 
2(b). Thus the problem can be reduced to that of an initially 
straight spring by adding to the force Q a couple M, a simplifica- 
tion possible only when the initial shape is the arc of a circle. 

We proceed then on the basis of a straight spring clamped at A 
and subject at B to a force Q and couple M, both shown dotted in 
Fig. 2(c). These, as is known, may be replaced by a single force 
Q shown in full lines and acting at a distance h from A, given by 


Thus the problem can further be conceived as that of an 
initially straight spring fixed at A, provided at B with a rigid 
arm h, subject at its free end to a force Q. As the actually ap- 
plied force Q (dotted vector in Fig. 2c) remains vertical in all 
configurations of the spring, the equivalent force Q at the free end 
of lever h also remains vertical and the arm h in each configu- 
ration of the spring must be conceived as so attached as to remain 
horizontal. 

While dealing with the present problem in this manner it must be 
understood that M as related to the initial curvature by (Ja) is a 
constant. Varying the loading of the spring requires then the 
simultaneous varying of both the magnitude of Q at the end of 
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lever h and the length of h, so as to satisfy the relation of Equa- 
tion [2] in every instance. An increase in Q is then associated 
with a decrease of h and vice versa. In view of the sense of 
rotation of M in connection with the permanently downward 
direction of the actually applied force Q at B, it is clear that 
the free end of lever h always lies to the left of B. Therefore h 
remains a positive quantity under all conditions of loading. 

In replacing the dotted vectors Q and M in Fig. 2(c) by a 
single force Q, it is immediately apparent that a point O in the 
line of action of Q is a point of inflection of the elastic line inas- 
much as the bending moment at that point is zero. Shapes with 
more than one point of inflection, if they exist, must have all such 
points on the line of action of Q. Shapes with points of inflection 
outside this line cannot occur. Furthermore, if the spring be 
cut at its point of inflection O, as in Fig. 2(d), the mutual action 
of one portion on the other at O can only be a force. Therefore 
branch OA presents the well-known case of a column? fixed at A 
and subject to a force Q at O. The upper branch OB is also a 
column loaded at O by a force Q but fixed at B under an angle ag 
with the vertical. 

Since in the loaded spring the curvature at B remains the 
initial curvature, as there must be at least one point of inflection 
somewhere between A and B, and inasmuch as the elastic line 
at A must be tangent to the vertical, it is easy to draw some 
plausible characteristic shape for the spring. One such shape is 
shown in Fig. 3 on the basis of which the analysis proceeds. 

The origin of axes is most conveniently taken at the point of 
inflection O, and branch OB of the elastic line is referred to 
vertical and horizontal axes OX and OY drawn in full lines, while 
for branch OA the axes are reversed as shown by the dotted lines 
OX' and OY’. In this arrangement of axes, general equations 
developed for one branch also apply to the other. 

Taking a point Z on branch OB or E’ on OA the bending mo- 
ment with due respect to their respective system of axes is 


M, = +Qy 
and hence the rigorous equation of the elastic line is 
[3] 


where da/ds is the curvature at EZ, respectively E’, a the slope of 
the elastic line at these points, and (ds) is an element of the arc, 
Substituting 


ds = dy/sin a 


2"Der belastete stab’’, by L. Saalschuetz. 


Published by B. G. 
Teubner, Leipzig, Germany, 1880. 


Fia. 3 
we obtain 
sin ada = —Qydy/EI 


Noting that at O the slope of the elastic line is aj and y = 0, we 
have by integration 


whence 
y VQ/2EI = + V/ cos a — COS [4] 
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Leaving it for the present undecided whether the + or — sign 
must be used in the foregoing, one requirement is that y must be 
real and the term under the radical on the right must therefore 
be positive. Now apis the slope of the elastic line at O, and in the 
present: problem the only slopes possible at that point may be 
expressed as 0 S$ a S r. While thus the slope at O with respect 
to the system of axes is limited to a positive angle not greater than 
x, we may without loss of generality specify slopes at other points 
as either positive or negative angles limited toO S a S +7 in 
the first case and to0 2 a 2 —7 in the second. 

With slopes so limited the expression under the radical in 
Equation [4] is positive only when a, whether positive or negative, 
is numerically smaller or at most numerically equal to ap. 

Should the elastic line have more than one point of inflection, 
all such points as already stated must lie on the line of action of Q. 
With the system of axes as in Fig. 3, y for all such points is zero, 
and thus we derive from Equation [4] 


COS a@ = COS ao 
a= + ay 


Hence it is one property of the elastic line in the present problem 
that at points of inflection the slopes are numerically equal and 
greater than at other points. 


Writing Equation [4] in the form 


"gin? a/2 
2 sin? ap/2 
we introduce at this point a new variable ¢, expressed by 
sin a/2 
sin ao/2 


Therein ¢ is a parameter of the elastic line specifying its slope in 
function of the slope at O. All quantities related to the con- 
figuration of the elastic line will be expressed in function of ¢ 
which so becomes the independent variable. 

From Equation [5] we derive for future use by differentiation 


a 
2 sin cos 


\! — sin? 


With the new variable according to Equation [5], Equation [4a] 
becomes 


da = 


y= 2VEI/Q sin 008 ¢ [6] 


In this equation sin ao/2 is always positive in view of an earlier 
conclusion that ao is a positive angle not greater than r. To ¢, 
however, we can always assign such values that make cos ¢ either 
positive or negative as may suit the problem. It appears there- 
fore to be only a matter of convenience to use the + or — sign 
in Equation [6]. Deciding to use the former, we write 


y =2VEI/Q sin cos ¢ [6a} 


According to Equation [6a], shapes as in Fig. 3 with posi- 
tive ordinates only with respect to the chosen system of axes will 
be obtained where cos ¢ is positive for all points of the elastic 
line. For such shapes, then, ¢ must be an angle in the first or 
fourth quadrants, and without loss of generality we may limit 
¢ in the case first named to angles expressed by 0 < ¢ S +x/2 
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and in the latter case to angles 0 2 ¢ 2 —x/2. The next step 
is to determine for immediate and future use the value of the 
parameter ¢ at the terminals of branches OA and OB, Fig. 3. 

These are obtained from Equation [5], and with the object of 
developing the equations for shapes with positive ordinates, as 
in Fig. 3, the values to be assigned to ¢ must comply with the 
conclusions previously reached. Thus we have 


At A; a = 0; whence according to Equation [5] sin ¢ = 0; ) 
and¢ = 0 [7] 
AtO; a = a; whence according to Equation [5] sin ¢ = 
+1; and ¢ = x/2 


At B, Fig. 3, the slope a = ag and denoting by ¢g , the corre- 
sponding value of ¢, we further obtain from Equation [5] 


i> sin [7a] 


with the understanding that the value to be assigned to ¢, is 
not greater than x/2 nor smaller than —x/2. 

The ordinates at B and A are obtained from Equation [6a]. 
For the former, substitute y = h and ¢ = ¢ , and for the latter 
y = y, and ¢ = 0 to obtain 


h = 2VWET/Q sin = [3] 
Ya = 2V El/ sin . [Sa] 

whence 
Ya = h/ COB [8b] 


For the purpose of numerical calculations we modify Equation 
[8] by eliminating Q from it by means of the relation Qh = M, 
which results in 


Vh = 2VWEI/M sin cos 


Herein E//M is the initial radius of curvature R of the spring, 
whence 


h = 4R sin? [9] 


Another and necessary relation between the variables is ob- 
tained by determining the length of branches OB and OA. De- 
noting the first by Sox, the latter by So, and by l, the length of 
the spring from A to B we have 


l = Sog + Sou 


For the determination of Sgg and So, we return to general 
Equation [3] 


da/ds =.—Qy/EI 


and substitute therein for da from Equation [5a] and y from 
Equation [6a]. This gives 


VQ/EI ds = — 


Its integration from O to B where according to Equations [7] and 
[7a], the corresponding values of ¢ are x/2 at O and ¢, at B gives 
Sog-. Similarly So, is obtained by integration from O to A with 
=OatA andy = x/2atO. Hence 


= 
pats 
£ 
e 
1 — sin 2 sin? 


A-226 


¢B 
V Q/EISog = — 
g=nr/2 


de 
= ao 
1 — sin? — sin? 


anc 
e=0 d 
V Q/EI So, = — 
—sint 
2 


dy 
am . - 
1 — sin? — sin? 
A sin 


or, in the usual notation of elliptic integrals 


2 


Adding these we obtain 
1V/Q/EI = 2K —F +n) 
or with Q = M/hand M/EI = 1/R 


= {2K — es) Vi 


— = sin cos {ox —F 


2R 


ds = 


1—2 sin? sin? 


Substituting for ds in Equation [10] we obtain 


(: —2sin? = sin? dy 


V Q/EI dz = — 


«/2 de 
-f — sint sint 


dy 


| 


V Q/EI Sop = K—F 
V Q/EI Soa = K 


and eliminating A between this equation and Equation [9] 


> 
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There remains now the determination of the abscissas of the 


elasticline. Foran arbitrary point E on OB or E’ on OA we have 
dz d. 
cosa 
1 — 2 sin’ 
or according to Equation [5] 
dz 


=—2 sintede + 


— sin? sin? 
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Noting that z = 0 at O where, according to Equations [7], the 
corresponding value of ¢ is x/2 we obtain by integration 


x 
V Q/EI \! —sin? sin? 
x/2 
a/2 
— sin? sin? dy 
dg 
\' — sin? — f —sin?— sin? ¢ 
0 2 
d 
+ 
ao 
1 — sin? — sin? ¢ 
0 \ 2 


which in the usual notations for elliptic integrals assumes the form 
2VQ/EI = — —K+F (04a) 


The abscissas 2g and z, of the end points of the elastic line, Fig. 3, 
are obtained from Equation [14a] by substituting zz, and z, for z 
and ¢ = ¢z, respectively, ¢ = 0, the latter according to Equations 


--(14] 


or 


zVQ/EI =2 


[7] and [7a] being the values of ¢ for the points B and A. Hence 
tp VQ/EI = 2 es) K+F (=. eo) (145) 
and 

2, VQ/El = 2E—K.............. (14c] 


In view of Equations [12a] and [12b] these can be written 


tp = 2V EI/Q en) — Son... 


a=2VEI/QE— 


As stated in connection with the derivation of Equation [7a], 
¢z in the foregoing equations must either be a positive or negative 
angle numerically smaller than /2 for shapes as in Fig. 3, with 
positive ordinates only. However, for a negative gg, numerical 
calculations require some modification of these equations and 
for that reason that case will be considered later. 

An example is here worked out for a spring according to the 
following data 


and 


Initial radius of curvature R = 11.25 in.; 
to B, l = 6.75 in.; EI = 540 lb X in.?; 


length of spring A 
M = EI/R = 540/ 


11.25 = 48 in. X lb; = R = 11.25 in. 
6.75 
= = 0. 
2 X 11.25 


The limiting case where equilibrium is possible occurs for ag = 
0 and in that case the tangent at B, Fig. 3, becomes parallel to 
the tangent to the elastic line at A. In the absence of an ex- 


— 
= 
RES 
12a 
[120] 
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ternal force between A and B it can be concluded without mathe- 
matics that the point of inflection then lies midway between A 
and B, that the two branches of the elastic line must be identical 
in shape, of equal lengths and so positioned as to be diametrically 
symmetrical with respect to O. 

With ag = 0 in Equation [7a], gg = 0 and therewith we ob- 
tain from Equation [13] 


U/2R = 2K sin ao/2 
or numerically 
K sin ap/2 = 0.15 


for the calculation of ag. By the use of a table of elliptical in- 
tegrals it will be found that ao/2 = 5° —28’, K = 1.5744 and K 
sin ae/2 = 1.499 which is close enough to the desired value of 
0.15. Similarly with gg = 0, we obtain as expected from Equa- 
tions [8b] and [9] 

= h = 4R sin? = 45 sin? 5° — 28’ = 0.410 in. 
and thence from Equation [2] 

Q = M/h = 48/0.410 = 116.96 lb 


Also as expected yg = 0 in Equations [12a] and [126] results in 
Sop = Soa so that 


Sos = Soa = 1/2 = §.75/2 = 3.375 in. 


With Sog = So, and gg = 0 in Equations [15a] and [15b], we 
obtain 


Lp = 2%, =2 VEL/Q E—I/2 
E for a modulus of 5° —28’ is 1.5672 and thus 
fp = 4 = 2 X 1.5672 0540/116.96 — 3.375 = 3.360 in. 


In Fig. 5 the shape of the spring for ag = Ois given by curve 1. 
By assuming various values for ag, other shapes of the same 
general type may be obtained in the manner just followed for 
ag = 0. It is, however, simpler to assume various values of a 
and to obtain from Equation [13] the corresponding values of ¢g 
for each of them. To facilitate these calculations we have 
plotted in Fig. 4 the values of 
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as ordinates against gg as abscissas for an assumed ao/2 = 10°, 
20°, 30°, 40°, ete. According to Equation [13] the ordinates 
of these curves represent the corresponding values of //2R which 
in thisexample is 0.3. Thus, drawing a horizontal at 0.3 from the 
axis of gg, the intersections with the curves for ag/2 = 10°, 20°, 
ete., give the values of gg which are solutions of Equation [13] 
for the selected values of ao/2, subject to the accuracy obtainable 
in the preparation of such curves. Each of these determines a 
shape of the elastic line of the general type of Fig. 3, as well as of 
the load Q associated with it. 

For example for ao/2 = 10°, the graph gives a value of gg = 
44° which, according to accurate calculations happens to be true 
within a few seconds. From tables of elliptic integrals we then 
obtain for ao/2 = 10° and gg = 44°: K = 1.5828; F(10°, 
44°) = 0.7700; E = 1.5589; E(10°, 44°) = 0.7659, and the 
calculations proceed as follows 
From Equation [7a] 


aR /2 = 6° — 56’ 


13° — 52’ 


aR 
From Equation [9] 
h = 0.702 in. 
From Equation [2] 
Q = M/h = 48/0.702 = 68.36 lb 
From Equation 
y4 = 0.971 in. 
From Equations [12a] and 
Sop = 2.301 in.; So, = 4.459 in. 
From Equations [15a] and [15h] 
Qg = 2.151 in.; x4 = 4.314 in. 


A check on the accuracy of these results may be obtained by add- 
ing Sog and Sg, which should give / = 6.75 in. 

Results of these and similar calculations are given in Table 1 
and the corresponding shapes of the spring are shown in Fig. 5. 

With reference to Fig. 5, the properties of the spring for a 
positive ¢g are the following: 

1 The loads Q to produce increasing deformations first dimin- 
ish and then increase, whereby the point of inflection O steadily 
moves upward. 

2 For the same load Q there are two different shapes with 
different deformations as, for example, shapes 3 and 5. For 
shapes between these the load Q is less and if, after having the 
spring in equilibrium in shape 3, it is given a slight displacement 
to the right it will not return to 3 but will assume shape 5. In 
fact shapes 1, 2, 3, 4 are unstable. Stable shapes are 5 and 6 
where Q increases with increasing deformation. 

3 Assuming that the spring is in equilibrium in shape 5 with 
Q = 51.02 lb, if then Q be suddenly reduced to, say, 48 lb, slightly 
below the apparent minimum of 49.2 lb in shape 4, the spring will 
snap back over center toward its initial unstressed shape. In 
this manner vigorous snap action can be obtained by slight re- 
duction of the load. 

A second set of shapes, also with all ordinates positive with 
respect to the chosen system of axes, is associated with a negative 
¢p, provided that ¢g, according to what was said in connection 
with the derivation of Equation [7a] is an angle not smaller than 
—1/2. As the sine of such an angle is negative it follows from 
Equation [7a] that the slope of the elastic line at B is also a nega- 
tive angle. For a general discussion, one such shape is shown in 
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Fig. 6, referred to the same system of axes adopted before, and 
various facts become evident without recourse to mathematics. 

If we produce BB, parallel to OX and CD normal to and bisect- 
ing BB, it will be seen that the bending moment is the same for 
all points of arc BCB, located symmetrically with respect to CD. 
In the absence of an external force between B and B, it follows 
that are BC is the same as B,C and that both are positioned sym- 
metrically with CD. At C then the ordinate is a maximum and 
the slope zero. Furthermore, at B as at B, the bending moment 
is Qh = M, and the curvature at these points is the initial curva- 
ture. Because of symmetry with respect to CD the slopes at the 
said points are equal in magnitude, negative at B and positive at 
B,. Thus at B in Fig. 3 and B, in_Fig. 6 the curvatures are the 
initial curvature and the slopes are both positive, from which 
follows that are AOB, in Fig. 6 and AOB in Fig. 3 are similar as 
to shape. 

Next, at A and C the tangents to the elastic line are parallel, 
from which we conclude that arcs OA and OC are identical as to 
shape, of equal lengths and positioned diagonally symmetrical 
with respect to O. From this follows that yg = y, and % = 24. 
With reference to a negative gg, the complete elliptic integrals K 
and E being independent of gg remain unchanged. For the in- 
complete elliptic integrals, however, we have 


and 


,{ % 


Thus of the previous equations only Equation [7a] and those 
comprising incomplete elliptic integrals experience changes in 
sign and in sign only. However, for the sake of completeness 
the equations which follow comprise all of the equations used 
in the present numerical computations, including those not 
affected by a negative ¢, 


sin (—a,/2) = sin = sin gg changed from Equation [7a] 


V Q/EISop = K+F changed from Equa- 
tion [12a] 


unchanged Equation [125] 


VQ/EI Sox = K 
.. (16) 
changed 


1/2R = sin cos ys {2K +P 
from 
Equation [13] 
from [15a] 
= 2WVEI/Q E—Sog 


unchanged [155] | 
The limiting case of equilibrium occurs as before for gg = 0 and 
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"4 TABLE 1 RESULTS OF ANALYTICAL CALCULATIONS 

ao aB 

A deg- deg- deg- : Shape 

min min min hin. yAin. Xain. XBin. Q.lb Fig. 5 

5-28 10-56 0 0.410 0.410 3.360 3.360 116.96 No.1} 

a 10 20 13-52 0.702 0.971 4.314 2.151 68.36 No.2 

B 20 40 36-7 0.940 2.225 4.643 1.200 51.05 No.3 

30 60 57-4 0.976 3.305 4.138 0.590 49.20 No.4 

| 40 80 77-34 0.941 4.183 3.251 0.179 51.02 No.5 

8B 50 1 97-53 0.823 4.660 2.055 —0.157 58.34 No.6 

[60 120 118-1 0.683 4.802 0.747 —0.384 70.24 No.7 


which is the function on the right of the fourth of Equations [16 | 
against gg as abscissas for several values of a/2. Drawing as 
before a line parallel to the axis of ¢, at a distance 0.3 from it, the 
ID | Cc intersections with the curves for ao/2 = 10°, 20°, 30°, etc., dis- 


Qy 


% close the corresponding values of ¢g that satisfy the fourth of 
oa Equation [16]. The process of calculation is otherwise the same 
as employed earlier and the results are given in Table 2. 
Lye ploy gi 
x 
. TABLE 2 RESULTS OF CALCULATIONS 
Zz, deg- deg- deg- yA = Xaz Shape 
min min min Ain. ycin. Xcin. XBin. Q ib Fig. 8 
Y t 3 9 Y 5-28 10-56 0 0.410 0.410 3.36 3.36 116.96 
--—--— S~- 10 20 —18-20 0.216 0.542 2.392 4.171 222.48 No.1 
20 40 —39-15 0.187 0.991 2.068 3.909 257.34 No.2 
30 60 —59-30 0.167 1.371 1.713 3.323 287.28 No.3 
| 40 80 —79-37 0.147 1.653 1.285 2.545 326.70 No.4 
50 100 —99-40 0.125 1.814 0.800 1.620 385.22 No.5 
e The corresponding shapes are drawn in Fig. 8 and it will be 
| x seen that the properties of shapes associated with a negative ¢, 
| are radically different. All of the present shapes are stable and 
A Se ---|--- | ae by increasing or decreasing the load the spring can be brought 4 
| from one shape into another. 5 
| 
7. 3-0 
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the corresponding shape is obviously the same as No. | in Fig. 5. 


Again, as an aid in calculations Fig. 7 is the plot of 
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It will have been noted in the foregoing that shapes according 
to Fig. 3 and Fig. 6 are associated with the particular values 
assigned to the parameter ¢ at the ends of branches OA and OB, 
With these assigned the values of ¢ at other points become 
intermediate between the terminal values. 

As there is no restriction in the values that may suitably be 
assigned to ¢ at the terminals so long as they satisfy Equation 
|5], there are, in addition to the shapes discussed before, an infin- 
ity of others although none of them is of practical value. To be 
noted is that in the shapes of Fig. 3 and Fig. 6 the value of ¢ at A 
and B are smaller than at O and this rule must be observed to 
obtain other shapes. One example may suffice. 

With reference to Fig. 9 which shows one of the shapes referred 
to with two points of inflection, let us assign to g the same values 
at O and B as in Equations [7] and [7a] so that branch OB will 
be the same as to shape as in Fig. 3. At A, Fig. 9, a = 0 and 
according to Equation [5] sin g = 0. However, instead of taking 
¢ = 0as in Equations [7], we shall now take ¢ = —x with the re- 
sult, as explained later, that we obtain are OCO’A of Fig. 9 instead 
of OA of Fig. 3. 

While the first of Equations [11] remains undisturbed, the 
limit ¢ = 0 in the second must be replaced by ¢ = —x, whence 


d 

V Q/EI Soa = = 3K 
1 — sin? sin? ¢ 

2 


Instead of Equation [13] we then have 


1/2R = sin cos es) 
2 2 

For slopes and ordinates Equations [5] and [6] remain valid. 
As to the abscissas, Equation [145] for xg remains unaltered, and 
Equation [14a] applies to that portion of branch OA where ¢ is 
positive. Where ¢ is negative we have to replace ¢ in Equation 
{14a] by —¢ which results in 


r VQ/EI 


Now the general character of the curve is sufficiently disclosed 
by considering the terminal values g = 2/2 at O and ¢ = —zx at 
A, together with the more significant intermediate values ¢ = 0 
and ¢ = —x/2. The corresponding slopes are obtained from (5), 
the ordinates will be given by Equation [6a], and the abscissas 
determined for positive values of ¢ by means of Equation [14a] 
or the foregoing equation for negative values. 

In this manner we obtain the following 


For ¢ = 2/2; a = y =.0; = 0... .point O in Fig. 9 
2E—K 
VQ/EI 
point C in Fig. 9 


For = 0; = 0; y= 2 VEI/Qsin = 
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x’ 


Fia. 9 
/2 0 —2K 
ore = a = — w; y =0; = 
VQ/EI 
point O’ in Fig. 9 
For g = —x; a =0; y = —2 VEI/Qsin 
6E —3K 
Ege point A in Fig. 9 


Q/EI 


To be noted is that 2 = 2r¢, x4 = 3z¢, that ares OC, CO’, 
O'A are of equal lengths and identical as to shape. 
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Steady Turbulent-Flow Equations 
of Continuity, Momentum, and 


Energy for Finite Systems 


By E. R. VAN DRIEST,!' CAMBRIDGE, MASS. 


The steady turbulent-flow equations for continuity, 
momentum, and energy were derived for certain finite 
systems. It was found that for an incompressible fluid 
the continuity relation contained neither nonuniform 
velocity-distribution correction terms nor turbulence 
terms, that the momentum equation involved velocity- 
distribution corrections and mean-square velocity fluc- 
tuations, and that the energy relation contained not 
only velocity-distribution corrections and mean-square 
terms but in addition mean-cube and double- and triple- 
correlation terms. The correction factors for nonuniform 
velocity distribution were evaluated for fully developed 
open channel and pipe flow. Through the momentum law 
the effect of turbulence was shown quantitatively in the 
case of the hydraulic jump in open channels and the 
sudden expansion in closed conduits. 


INTRODUCTION 


LTHOUGH the conventional steady-flow momentum and 

A energy equations as used by civil and mechanical engi- 

neers have proved to be sufficiently accurate in most 

cases of application, it will be of interest to derive the more 

complete equations involving the turbulence terms and the non- 

uniformity of velocity distribution, and to point out the effect of 
such factors in some problems. 

The steady turbulent-flow equations for continuity, momen- 
tum, and energy are derived by first writing the fundamental 
equations for conservation of mass, the second law of motion, and 
the first law of thermodynamics, respectively, and then averaging 
these over time according to the method of Osborne Reynolds. 
The relations derived are not differential equations? but are in- 
stead equations that apply to finite systems of matter. More- 
over, the equations are by their very nature macroscopic in that 
they do not involve the inner mechanism of the turbulence but 
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pertain only to mean values at the statistical boundaries of the 
system. 


ConTINUITY 


A definite system to be considered will be that of an expanding 
conduit, as shown in Fig. 1. A more general system could be 
chosen, but the resulting equations would not be any more in- 
structive. 
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MM. 
BOUNDARY OF SYSTEM AT Time 
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Fic. 1 an ExpanpbInG ConpbvuItT 


The law of conservation of matter states that for any system of 


dM 
mass M, _—" 0. Then for the system of Fig. 1 there follows 


+ Men = Men tar + 


in which p and u are the density and instantaneous axial velocity 
at a point of a section, respectively, and M, is the matter in the 
volume common to the initial and final boundaries as indicated 
in the figure. 

Averaging Equation [1] over the time T yields 


1 f +T7/2 1 +7/2 

= udAdtdt + 

T Jt-7/2 T Jt-7/2 

1 1 +T/2 (As 

Mejtadt + af dA dt dt 
t—T7/2 -T/2 


or 
Som dA = fom dA...... 


1 t+ 7/2 


= — M at 
T Jt-7/2 “ T SJt-7/2 


in the steady state. If the fluid is incompressible and uy, = u, + 
uy’, U2 = Uz + Ue’ where the bar denotes the mean at a point and 
the prime the turbulent fluctuation, Equation [2] becomes 


where 


udt 


Fz +u'dA = + u,'dA 


or 
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since {waa = 0. Equation [3] can now be written in terms 
of the mean for the section, thus 


UA; = {4} 


A 
1 
where U = if udA 


It is seen that Equation [4], the familiar equation of continu 
ity, is unaffected by turbulence terms for the flow of an incompres- 
sible fluid. 


MoMENTUM 


Application of Newton’s second law of motion to a system, such 
us in Fig. 1, yields 


M 
d 
udM = 


+ + at) — + 
dt 


J sa 


where MM, is now the momentum in the volume common to the 
two positions of the boundaries, and F, is the resultant of the 
forces acting on the boundaries in the z-direction. When this 
equation is averaged over the time 7 there results in the steady 


state 


d\MM.) d( MM.) 
since = —— 


dt dt 


Ay d(MM.) 
+ — 
f dt 


If the fluid is incompressible, Equation [5] becomes 


as 


=p (frat dA — fw dA + 


The last two terms on the right-hand side of Equation [6] are 
the turbulence terms which must be taken into account in any 
exact treatment of a flow problem using the momentum law. 

The Hydraulic Jump. The hydraulic jump, which is a gravity 
shock wave in an open channel, will now be considered in detail. 
The profile of such a shock is shown in Fig. 2. 

For the system bounded by sections 1 and 2, Equation [6] be- 
comes 
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P, - R = 


bD? bD,2 


2 2 
da fas dA — fur dA) (7 


in which and are the hydrostatic forces before and after 
the jump, D; and Dz, are the corresponding depths, R is the skin 
friction between 1 and 2, y is the unit weight of the fluid, and 4 
is the width of the channel. 

Introducing the coefficients 


 f*araa 


dA dA 
U,*A, 
it follows that 
2k 2 
Y 


It is seen that a; and a2 are the correction factors for nonuniform 
velocity distribution and J; and J, are the turbulence-correction 
terms. 

Since by Equation [4] U,D, = U,D., Equation [8] may be 
written 

2R 2U,2D, 


— 
by 


| (ary + 1,)D,/D, — (a, + T,)| 
whence upon rearrangement 

D, D, D, 2R 2U;? 

— 1+— — 

D, (: >) | gD, + 


Ds 
(a, + 1 D, 


or 


+ 1)(J —1) + | = 2F*{(a, + 
1 


) 
where J = P, = ” F = 
Vv oD, 


F being called the Froude number. 
Equation [9], or rather, 


J | + 1)(J — 1) + I 


+ — (a2 + 


will now be used to study the effects of the velocity profile, skiu 
friction, and turbulence upon calculations ignoring these factors 

In the case of a uniform velocity profile, and in the absence o! 
skin friction and turbulence, Equation [10] reduces to 


which is plotted as the heavy line in Fig. 3. 
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(a) Effect of Velocity Distribution. Considering only the ve 
locity-distribution factors, Equation [10] becomes 


JiJ + 1 


F: [12] 


a2) 
It is seen at once that 1f ag = land a > 1, the effect is to shift 
the curve in Fig. 3 to the left, whereas if a; = 1 and a: > 1, the 
effect is to shift the curve to the right. Since the effect of a; 
compared to a: is magnified by the value J, the net tendency is 
toward the left. 
plotted in Fig. 3. 

It will now be of interest to determine values of @ for infinitely 
wide open channels with known velocity-distribution functions. 
In the case of laminar flow, 


2 


where y is measured from the bottom of the channel, so that 


D 
6 


a= 


For the case when a; = a2, a set of curves is 


{13 


up 


In the case of fully developed turbulent flow, the von Karman 


velocity-defect law is used, namely 


= Nea + } .(14] 


l T 
K 


where z9is the shear at the bottom and « is the universal constant. 
Subtraction of Equation [15] from Equation [14] gives 


whence 


17] 


2 
= 1+ (= | 
l 
Data on clear water flowing in an open channel were obtained 
from experiments on rough channels? and these data together 
with the results of computation of a (computed from Equation 
'17|) are presented in Table 1. The results are plotted in Fig. 4, 
and an average line is extended through the points to indicate 
the general trend. Term e is the size of the roughness grains 
glued to the channel bottom. 
(b) Effect of Skin Friction. Skin friction tends to shift the 
basic curve, Equation [11], in Fig. 3 to the right, and an esti- 
mate of this effect can be obtained as follows: 


R 
Che term P. of Equation [10] can be written for wide channels 
1 


2 f 


{19} 
P; yD, 
Since 
(U,D y? 
Tro = G U2 = %5 
it follows that 
L L 
p dL 
L = c,~— (U,D,)? 
rod 2 Dt [20] 


where D is the depth at any point along the jump and G 18 as- 
sumed constant. It is further assumed that the shock expands 
linearly whence 


L 
aL 


dD 
D, D, 


* “Transportation of Suspended Sediment by Water,” by Vito A. 
Vanoni, Proceedings of the A.S.C.E., vol. 70, 1944, p. 793. 
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TABLE 1 DATA ON CLEAR WATER FLOWING IN OPEN CHANNEL 
Ire 
U D UD U 
fps fps ft D D v a 8 imax 
0.197 3.62 0.481 0.003 5.76 171000 1.018 1.050 0.880 
0.200 3.60 0.496 0.003 5.58 175000 1.019 1.053 0.877 
0.197 3.45 0.481 0.003 5.76 162000 1.020 1.055 0.873 
0.211 3.38 0.554 0.005 5.00 183000 1.024 1.065 0.863 
0.193 3.21 0.462 0.006 6.00 146000 1.023 1.061 0.868 
0.138 1.99 0.234 0.012 11.83 45600, 1.030 1.079 0.851 
Nors: «is taken as 0.40. Term » is kinematic viscosity. 
2.00 
1.50 
OPEN CHANNELS 
= 1¢3 - 
\ 
10 
, 
— 
° 
tos 
[°) 
— 4 
0.005 
ozi+ ¢ 0.003 
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and Equation [20] becomes 
L 
f L 2 U L 


Now data obtained by Bakhmeteff and Matzke‘ show that the 
length of the jump is represented fairly well by 


which results in 


so that 


When Equation [10] contains only the effect of skin friction, 
it becomes by Equation [22] 


+ —)) + by Fs 
2(J — 1) 


3c, Fs 


1 
+) + 


For purposes of computation a reasonably high value of ¢ 


* “The Hydraulic Jump in Terms of Dynamic Similarity,” by B. A. 
a and A. E. Matzke, Trans. A.S.C.E., vol. 101, 1936, p. 


can be obtained by first placing ¢ = f , where f is the friction fac- 


tor for pipe flow, and then choosing a value f = 0.03, giving ¢ = 
0.0075. Equation [23] then is written 


0.0225 Fs 
J—1 


F2 = + 1) + 


This equation is plotted in Fig. 3 and indicates an extreme effect 
of skin friction. 


(c) Effect of Turbulence. Equation [10], including only the 
turbulence terms, is 
J(J + 1I)(J—1) 


In such cases where the fluid enters the shock turbulent-free, /; = 
0 and 


J(J + 1) — 1) 


— 1—7/:) 


The Bakhmeteff-Matzke data were obtained in just such a case, 
and hence the effect of turbulence should make itself felt ac- 
cording to Equation [26]. That this is true can be seen from 
Fig. 5 which shows the basic Equation [11], Equation [26] for 
various values of 72, and the data. 

Since the shock wave is known to be a generator of intense tur- 
bulence, the fall of the data to the right of the basic curve is un- 
doubtedly due principally to the turbulence effect. It should 
be noted that the average intensity of turbulence as defined by 
T; is upward of 100 per cent for the higher values of relative depth 


Re = 

R F: L 

— = 6F 
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® 2 pipes, the value of a can be determined analytically if the equa- 
| tion of velocity distribution is known. 
, | : For laminar flow through a long pipe of inner radius ro 
Ge 
oF | r 
u=2U(1——)}.... [30] 
To? 
e¢ 
G G whereupon 
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Fic. 6 THe SuppEN ENLARGEMENT 


The Sudden Enlargement. When Equation [6 is applied to 
the sudden enlargement of Fig. 6 there results 


pA, + — — — R = p (fut as = 
+ fu aa — funds) 


pU2A2{ (a2 + (a + 1,)U;) 


whence 


A, 
oU;? 
A A 
(ay + Is) (a, + 10 | We ne {27] 
Ay 


where p’ is the average pressure over the annular plate, and ~, 
and py are the average pressures over sections 1 and 2, respec- 
tively, 

If it is assumed that p, = p’, R = 0, a = a = landy; = 
], = 0, Equation [27] reduces to 


A A 
pU;? Ag A, 
or, introducing and m = 


With regard to the velocity-distribution correction for flow in 


fy 4 


For fully developed turbulent flow, the von Kaérmén velocity- 
defect law, viz. 


leads to the expression® 


32 
U = tan [32] 
2«No 


subtraction of which from Equation [31] yields 


{33} 
To 


whence 


. (35) 


Equation [34] can be written in terms of the friction factor f 
by first noting that : 


&’ “Strémungsgesetze in rauhen Rohren,”’ by J. Nikuradse, For- 
schungsheft, 361, V.D.I., 4, 1933, pp. 1-22. 
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Fic. 7 


so that for a value of «x = 0.40 


f 
<= 1+ 0.98f.. 
+ 0.98f 


= 1 + f (approx.) 


4 x? 


Fig. 7 shows a plot of Equation [36], using factors* for commer- 
cial pipes. 

The sudden enlargement is another seat of turbulence genera- 
tion’ and therefore it is to be expected that the intensity of tur- 
bulence at section 2 will have considerable effect upon the data. 
Assuming that p; = p’ and including only the turbulence terms, 
Equation [27] becomes 


I 
and if 7, is negligible compared to _ , then there follows 
m 


(37) 


Fig. 8 shows the base Equation [29] along with Equation [38] 
for various values of J;. Also in this figure are plotted data given 
by Gibson.’ Of course, the presence of skin friction and the fact 
that p’ is somewhat less’ than p, will tend to shift the data in 
Fig. 8 to smaller values of E. Nevertheless, an appreciable part 
of the total shift must be due to the turbulence, particularly at 
greater values of m, as is evident from the plot. An observed 
value of 150 per cent for the average intensity of turbulence de- 
fined by J; should be noted. 


‘ “Friction Factors for Pipe Flow,” by L. F. Moody, Trans. 
A.S.M.E., vol. 66, 1944, p. 671. 

7 “Conversion of Kinetic to Potential Energy in Flow Expansions," 
by A. A. Kalinske, Proceedings of the A.S.C.E., vol. 70, 1944, pp. 
1545-1564. 

8 “Hydraulics and Its Applications,” by A. H. Gibson, fourth 
edition, Constable and Company, London, England, p. 92. 
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ENERGY 


The steady turbulent-flow-energy equation for finite system- 
is derived from the first law of thermodynamics which reads 


dE = dQ 


in which dE is the change in internal energy of a system, dQ is 
the heat transferred to the system and dW is the work done by 
the system during an infinitesimal change of state. Assuming no 
-heat transfer or shaft work, application of Equation [39] to the 
system in Fig. 1 for the change in state over the time interval d/ 
yields 


¥ As, GA dt — f dA ‘dt + = - Ata dA dt 
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where 7, and 7 are the molecular internal energies per unit weight, 
v, and v, the transverse velocities in the y-direction, w, and w- 
the transverse velocities in the z-direction, and 7; and 72 the trans- 
verse shear stresses at sections 1 and 2, respectively, all of which 
are instantaneous; furthermore, q? = u* + v? + w?, and E£, is 
the energy in the volume common to the initial and final positions 
of the boundary of the system. Following the previous proced- 
ure, the average of Equation [40] is 


"Ar A) 1 A, 


1 ¢. 


dA — dA + dA 
+ dA 


Assuming incompressibility and dividing through by the mean 
weight rate of flow, viz. 
Az 


= 
there results per unit weight of fluid flowing 

aA q- us di 


(41 


—— (42 
rhe next step is to substitutei = i+ i',p =p+p',u=ut 


Equation [42] then expands to 
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If the sections 1 and 2 are taken such that » = w = 


[43] reduces to 
1 Ai-—3 
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u,dA 
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0, Equation 


aA 
u,dA 


29 29 
Ai— + 
1 


Ai— 
1 


ae 
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... [44] 


+ dA dA vy fad 


The extreme complexity of the energy Equation [44] compared 
to the simplicity of the momentum Equation [6] is immediately 
apparent. Whereas the momentum equation involves only 
mean-square terms, the energy equation contains mean 
squares, mean cubes, and double and triple correlations. Some 


measurements’*-!°.!1 of the mean-square terms have been made 
so that some information is available as to their variation, but 
no information is available concerning the double and triple 
correlations involved in the energy equation. 

The energy of mean motion can be computed provided the ve- 


- 
PAs- 
A 
; 
‘ 


locity distribution is known. The correction factor for nonuni- 


form distribution, viz. 


can be obtained for certain distributions as follows: 


(a) Open channels (laminar): Use of Equation [13] gives 
54 
=— = 1.54 
6 35 
(6) Open channels (turbulent): Use of Equation [16] leads 
to 


=] —2 
«U xU 


Values of 8 were computed from the Vanoni data* and Equation 
[46], and these results are also entered in Table 1. Furthermore, 
the results are plotted in Fig. 4, and an average line is extended 
through the points to indicate the general trend. 

(c) Pipes (laminar): By use of Equation [30] it follows that 


B = 2.00 


[46] 


(d) Pipes (turbulent): 
Equation [33] yields 


The turbulent velocity-distribution 


2 
re 
15 p av: 
— 3 
ates 


Again noting that mE / y” Jf and using « = 0.40, Equation 
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[47] may be written 


Ib1f_ 91/f\" 
1 + — 1.55f'/* (48) 


= 1 + 3f (roughly) 


Equation [48] is plotted in Fig. 9, again making use of the fric- 
tion factors® for commercial pipes. 

It should be noted that for wide-open channels or for pipes, 
if a = 1+ 7, then 8 = 1 + 3» (approx.). 


SuMMARY AND CONCLUSION 


The steady turbulent-flow equations for continuity, momen- 
tum, and energy have been derived for certain finite systems. 
It was found for a liquid that the continuity relation contained 
neither nonuniform velocity-distribution correction terms nor 
turbulence terms, that the momentum equation involved veloc- 
ity-distribution corrections and mean-square velocity fluctuations, 
and that the energy relation contained not only velocity-distri- 
bution corrections and mean-square terms but in addition mean- 
cube and double- and triple-correlation terms. The correction 
factors for nonuniform velocity distribution were evaluated for 
fully developed open-channel and pipe flow. The effect of tur- 
bulence was shown quantitatively in the case of open and ¢losed 
sudden expansions making use of the momentum law. 

In any exact analysis of turbulent-flow problems the turbu- 
lence terms must of course be taken into account. Indeed, be- 
fore such foregoing momentum and energy equations can be used, 
knowledge of the variation of the turbulence terms including 
the double and triple correlations must be available. 


* “Investigations of Turbulent Flow by Means of the Hot-Wire 
Anemometer,”’ by F. L. Wattendorf and A. M. Kuethe, Physics, 
vol. 5, 1934, pp. 153-164. 

10 “‘Investigations of Velocity Fluctuations in a Turbulent Flow,” 
by F. L. Wattendorf, Journal of the Aeronautical Sciences, vol. 3, 
1936, pp. 200-202. 

1 the Static Pressure in Fully Developed Turbulent Flow,’ 
by A. Fage, Proceedings of the Royal Society of London, series A 
vol. 155, 1936, pp. 576-596. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal includes a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data have been prepared by a subcommittee of the 
Applied Mechanics Division—S. Timoshenko, R. E. Peter- 
son, J. Ormondroyd, J. N. Goodier, and J. M. Lessells. 


Calculation of Stress in Crane Hooks 


By A. M. WAHL! 


Two methods for calculating stress in crane hooks which 
have given good results in practice are described. One 
method, based on a numerical integration of the curved- 
bar equations, involves only slide-rule accuracy and may 
be used for irregular shapes of cross section. The second 
or analytical method is based on an analysis of an equiva- 
lent trapezoidal section, and is applicable to hooks having 
sections which do not deviate too much from the trape- 
zoidal form. Comparison of the results of the two 
methods when applied to actual crane hooks indicates 
that the more rapid analytical method is sufficiently ac- 
curate for most practical purposes. 


HE usual method of calculation of stress in crane hooks 

having an irregular cross section is based on curved-bar 

theory, the equations being integrated using numerical or 
graphical means (1).2 However, these methods in general involve 
small differences between two quantities nearly equal, and for 
this reason the numerical work must be carried out with con- 
siderable precision in order to obtain reasonably accurate final 
values. To avoid this and to utilize slide-rule methods of caleu- 
lation, the equations developed by Perkins (2) have been applied. 
In conjunction with Simpson’s rule for numerical integration, this 
procedure has been found to yield good results in practical work; 
the method will be described in Part 1 of this paper. 

In addition, a more rapid analytical method for calculating 
crane hooks where the critical section approximates a trapezoid is 
also described (Part 2). Results obtained by this method have 
been checked for several practical hooks against the numerical 
integration method of Part I and found to yield good agreement; 
also the method has been utilized in practical computation with 
good results. 

The methods described here are limited to the usual case where 
the resultant load P on the hook passes through the center of 
curvature O, Fig. 1. It is also assumed that the critical section 
AA’ is at right angles to the resultant load, as is true of the 
majority of practical hooks.’ 


' Research Engineer, Westinghouse Electric Corporation, East 
Pittsburgh, Pa. Mem. A.S.M.E. 

* Numbers in parentheses refer to the References at the end of 
paper. 

‘If these conditions are not fulfilled, methods described in ref- 
erences (1) and (2 may be used. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 W. 39th St., New York, N. Y., and will be accepted 
until October 10, 1946, for publication at a later date. Discus- 
sion received after the closing date will be returned. 
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PART 1 NUMERICAL INTEGRATION METHOD FOR 
HOOK WITH IRREGULAR CROSS SECTION 


(a) Theory. The equation for maximum tensile stress Smax 
(including the direct stress due to the load P) at point A’, Fig. 1, 
may be expressed as 


P(R —r) 
Fr 
where the function F is 
2 x*bdx 
[2] 


This integral is taken over the whole cross section. 


P = load on hook, Fig. 1 
x = distance from center of gravity to any point of section 
r = inside radius of curvature 
R = distance from center of curvature O 
to center of gravity of critical section AA’ 
2h = width of section at distance x from c.g. 
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To calculate the stress using Equation [1], it is necessary to 
evaluate the integral of Equation [2] which may be done numeri- 
cally using Simpson’s rule (3). In the following method or pro- 
cedure, the depth h of the hook cross section has been divided into 
30 equal parts (which has given good results in practice)” On this 
basis the detailed procedure for calculating stress in the hook is as 
follows. 

(b) Procedure for Evaluating Stress. Lay out half of critical 
section of hook to scale as shown in Fig. 2. 

Divide cross section of hook into 30 equal parts as shown. 
Spacing A between each line is equal to h/30 where h = depth of 
critical section. Measure the half widths by, be, bs.......... hog 
at each point, Fig. 2. 
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Fic. Diviston or Hair SEcTION oF CRANE Hook Into 30 
SPACES 


Make up a table similar to Table 1 as follows: 


In column 1 tabulate by, be, b3......... hog 

In column 2 tabulate 2), be, 2b3, by... as shown. 
The sum of the figures in column 2 is equal to A». 

In column 3 tabulate A, 24,34, ...... 29. 


The elements of column 4 are taken equal to the corresponding 
ones of column 2 multiplied by column 3. Thus the first 
element of column 4 is equal to 2h, A, the second element is bg 
times 2A = 2h;A, the third 2b; times 3 A = 6b; A, ete. 

The sum of the elements of column 4 is taken equal to Ay. 


Divide A, by Ao. The result will be equal to x9, the distance 


TABLE 1 
1 2 3 4¢ 5 6> 7 8 
bi 2b1 4 2b, A a=r+aA a1 =2—A ait 2hiait + 
be be 2A co=r+2A a3? bras! + ce 
bs 2b3 3A A cs=r+3A as=r—3 A as? + cs 
bs bs 44 4644 =r+4A at deat + 
bs 2b5 5A co=r+5A as=x7o—5 A as? + 
be bse CA 6be A c=r+6A a=r—-6A 
by TFTA A cr@=rt+T7A 
bs bs 8A 8bs A cs=r+8A 
bs 2b» 9A 18b8A co=r+9A 
ho bo 10 A 10b0 A 
bn A 22bn A etc etc 
hie be (12 A 12b2 A 
bs 2his 13 A 26bi3 A 
bis bs 14 A A 
bos 2hs 15 A 30b5 A ete. ete. 
bie bs 16 A I6big A 
biz 17 A A 
bis bis 18 A A 
bio 19 A A 
bee be 20 A A 
ba 21 A A 
bee bee 22 A 22be2 A 
bes =2bes 23 A 46b23 A 
bos bes 24 A 24bo4 A 
bes 25 A 50b25 A 
hes bes 26 A 26b% A 
ber 2ber 27 A 54be A 
bes bee 28 A A 
bee 29 A 58b29 A 


Az = sum of figures in column 2 

As = sum of figures in column 4 

As = sum of figures in column 8 

A = h/30 

* Column 4 = column 2 times column 3 

Value of ro = As/A2 

¢ Column 8 = column 2 times column 7 divided by column 5. 
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from point A’ of Fig. 1 to the center of gravity of the cross section. 
The radius R then becomes (from Fig. 1) 


R =r + 


Next, in column 5 tabulate the quantities ¢, = r + A, 
r+2A, o=r+3 dA, ete. 

In column 6 tabulate a, = (ro — A), a2 = (1% —2 A), ay 
(xo — 3 A), ete., and in column 7, a;?, a*, a3?, ete. 

In column 8 tabulate the quantities 2, be 
2b; a3*/cs, ete. Each element of column 8 is equal to the 
corresponding element of column 2 multiplied by that of 
column 7 and divided by that of column 5. 

The sum of the elements of column 8 is taken equal to Ag. 


Applying Simpson’s rule and using Equations [1] and [2] the 


maximum tensile stress at the critical section A’, Fig. 1, ther 
becomes 
3P xR (3 
A Ag 


(c) Numerical Example.t As an example of the application «: 
this numerical integration method, a hook having the following 
dimensions was caleulated. The load P is taken as 100,000 Ib. 

r = 4.5 in. 
h = 9.59 in. 
A = h/30 = 0.32 in. 

Values of bj, bz, ete., representing the half width of the cros- 
section, Fig. 2, are listed in column 1 of Table 2. 


Ag = 129.3 = sum of figures of column 2 
A, = 603.0 = sum of figures of column 4 


4.00 in. = distance of og. 
r= Ae = 1293 .66 In. = distance of c.g. from A 
(Fig. 1) 


R=r+ 2 = 4.5 + 4.66 = 9.16 in, 
With the value of zo known, the values of columns 6, 7, and & su) 
computed. Ag = 100.3 = sum of figures of column 8. 
‘ The author is indebted to G. G. Setterlund of the Westinghous 


Electric Corporation for carrying out in these calculations as well as 
those of Part 2. 


TABLE 2. NUMERICAL EXAMPLE 


Location 1 
no, (, in.) 2 3 4 5 6 7 ‘ 
1 1.70 3.40 .82 1.09 4.82 4.34 18.81 13.30 
2 2.38 2.388 .64 1.52 5.14 4.02 16.11 7.48 
3 2.79 56.58 .96 5.36 5.46 3.70 13.70 14.00 
4 3.02 3.02 1.28 3.86 5.78 3.38 11.41 5.96 
5 3.23 6.46 1.60 10.32 6.10 3.06 9.38 9.95 
6 3.32 3.32 1.92 6.36 6.42 2.74 7.61 3.88 
7 3.38 6.76 2.24 15.14 6.74 2.42 5.86 5.90 
8 3.40 3.40 2.56 8.71 7.06 2.10 4.41 2.12 
9 3.39 6.79 2.88 19.55 7.38 1.76 3.17 2.91 
10 3.38 3.38 3.20 10.81 7.70 1.46 2.13 0.94 
11 3.37 6.74 3.52 23.75 8.02 1.14 1.30 1.0% 
12 3.34 3.34 3.84 12.82 8.34 0.82 0.67: 0.27 
13 3.32 6.64 4.16 27.60 8.66 0.50 0.250 0.1% 
14 3.30 3.30 4.48 14.79 8.98 0.18 0.032 0.0) 
15 3.29 6.58 4.80 31.60 9.30 —0.14 0.019 90.0) 
16 8.24 3.24 5.12 18.60 9.62 —0.46 0.212 0.07 
17 3.21 6.42 5.44 34.85 9.94 —0.78 0.607 0.39 
18 3.20 3.20 5.76 18.45 10.28 —1.10 1.21 0.35 
19 3.18 6.36 6.08 38.65 10.58 -—1.42 2.02 1,21 
20 3.13 3.13 6.40 20.05 10.90 —1.74 3.03 0.89 
21 3.10 6.20 6.72 41.60 11.22 —2.06 4.24 2.34 
22 3.06 3.06 7.04 21.53 11.54 —2.38 5.66 1.50) 
23 2.98 5.96 7.36 43.80 11.86 —2.70 7.3 3.65 
24 2.88 2.88 7.68 22.15 12.18 —3.02 9.13 2.15 
25 2.72 5.44 8.00 43.50 12.50 —3.34 11.15 4. 8 
26 2.58 2.58 8.32 21.42 12.82 —3.66 13.40 2.7¢ 
27 2.38 4.76 8.64 41.20 13.14 -—-3.98 15.84 5.74 
28 2.00 2.00 8.96 17.91 13.46 —4.30 18.50 2.75 
29 1.50 3.00 9.28 28.00 13.78 —4.62 21.25 4.63 
30 0 0 9.60 0O 14.10 —4.94 24.40 0 
A = 0.32 = = 129.3 > = 603.0 = = 100 
= As As 
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From Equation [3] the maximum tensile stress at A’ (Fig. 1) 
then becomes 


‘oman 


3P rok (100,000) (4.66) (9.16) 
4r Ag (4.5) (0.32) (100.3) 


= 22,200 psi 


Results obtained by using this method have been checked 
ugainst those using the graphical method described by Timo- 
shenko® for several practical hooks. Agreement was obtained in 
all cases within a few per cent which may be considered satisfac- 
tory in view of the possible error inherent in the use of the 
graphical method. In addition, as mentioned later, the numeri- 
cal integration method has also been checked against the analyti- 
cal method of Part 2. 


PART2 ANALYTICAL METHOD FOR HOOK OF APPROXI- 
MATE TRAPEZOIDAL SHAPE 

(a) Method of Analysis. The analytical method given in this 
part is intended to apply to hooks with cross sections having a 
shape such as shown by the full lines of Fig. 3, and which do not 
deviate too much from a trapezoidal form. This includes a large 
number of practical crane-hook sections. This method, while 
approximate, is much faster than the numerical integration 
method of Part 1, and in the cases to which it has been applied, it 
kas given close agreement with the latter method. 


LOAD 
Axis ™_ | 
= 
| 
| 


qe 
| 
| 
Az 
EQUIVALENT 
SECTION ai 3 


ACTUAL SECTION 


Fie. Crane-Hoox Section or APPROXIMATE TRAPEZOIDAL FORM 


Essentially the analytical method is based on the assumption of 
an equivalent trapezoidal section having an area equal to that 
of the actual section. The stress computed in this way is then 
corrected for the stress increase in the actual section resulting 
from the fact that the fibers nearest the center of curvature are 
farther from the neutral axis than in the case of the equivalent 
trapezoidal section. It is again assumed that the resultant load 
on the hook passes through thie center of curvature of the curved 
part and that the critical section is at 90 deg to the resultant load. 

Referring to Fig. 3, the full lines represent the actual hook 
section and the dashed lines the equivalent trapezoidal section. 
The equivalent section is so chosen that the shaded area A; is 


5 Reference (1) page 75. 
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equal to the areas A, + A;. Likewise Ay’ = A,’ + Aj’. Refer- 


ring to Fig. 3 let 


, bo = inside and outside widths of equivalent trapezoid 
respectively 

inside and outside radii of 
respectively 

a = B = 


equivalent trapezoid, 


With these notations, the formulas for bending stress S, at 
point A, Fig. 4, at the inside of the trapezoidal section as derive«! 
from curved-bar theory become® 


STRESS 
DISTRIBUTION 
| 
NEUTRAL 
8 
“ACTUAL 
SECTION 
EQUIVALENT 
SECTION 
Fic. 4 Stress Distrinution Over Cross Section or CRANE 
HooxKx 
Ss, = {4] 
+ — Ke) 
1 
where K, = => 
8—1 3(a@ + 1) 
(1 + a) 
(B ) [6] 
leg, 8 — (l— a) 


(8 — 1) 


In general the factors K, and K; should be calculated to four 
significant figures. To do this the use of log tables or a computing 
machine is advisable. 

In Fig. 4 the distribution of stress over the section due to bend- 
ing alone is indicated. It should be noted that the stress S, 
calculated from Equation [4] yields the bending stress at point A 
at the inside of the equivalent trapezoid. Because of greater 
distance from the neutral axis the bending stress at B in the actual 
hook will be appreciably larger than that at point A by an 
amount S,asshown. If, is the distance between points B and A 
then the stress augment S, will be given approximately by 


dS 
dy 0 


where (dS/dy)o is the value (at point A, Fig. 4) of the derivative 
of the stress S with respect to distance y from the neutral axis. 
From the equations of curved-bar theory, the derivative (dS/dy), 
may be obtained, and by substitution in Equation [7], using the 
previous notations, the stress augment S, becomes 


* See reference (1), page 68, for method of derivation. 
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S, Kol, 
Ss, = —— 8] 
— 
where K¢ is given by Equation [6]. 
The stress due to direct tension is 
P 
i= 5 (9] 
where A is the area of the cross section. 
ho(b h, 
[10] 


2 


where ho = depth of equivalent trapezoid, Fig. 3. 

The maximum stress Smax in the hook at the critical section 
will be the sum of the bending stress S, Equation [4], the stress 
augment S,, Equation [8], and the direct tension stress S, Equa- 
tion [9]. This gives 


Smax + S, + S, [11] 


(b) Numerical Example. These equations have been applied 
to the hook section having a depth of 8 inches and a maximum 
width of 5 inches, and the approximate shape shown in Fig. 3. 
By choosing the area A; = Az + A; and A,’ = A,’ + A,’ the 
following values for the equivalent trapezoid were obtained 


bh, = 5.1, bo = 3.9, rm = 4.5, ro = 12.07, lL, = 0.25 in. 
a = bo/b; = 0.765, B = n/t; = 2.68, A = 34 8q in. 
Using these values in Equations [5] and [6] 


K, = 1.073 
K, = 0.9930 
K, = 0.080 
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Taking the load P equal to 50,000 lb and using these values in 
Equations [4], [8], and [9], we find 


S, = 18,200 psi; S, = 1830 psi; S, = 1470 psi 
Adding these the maximum stress becomes 
Smax = 16,500 psi 


Computation on this section using the numerical integration 
method of Part 1 showed a stress value of 16,200 psi which is 
quite close to the figure obtained by the analytical method. 

Similar calculations on a hook section of 91% in. depth and 6 in. 
maximum width with the same inside radius showed a figure of 
11,000 psi for the analytical method and 10,900 psi for the 
numerical integration method. This would seem to indicate that 
the former is sufficiently accurate for most purposes for sections 
approximating the shape shown in Fig. 3. 


CONCLUSIONS 


The results of calculations on actual crane-hook sections, indi- 
cate that for sections such as shown in Fig. 4, which do not deviate 
too much from a trapezoidal form, the relatively rapid analytical 
method of Part 2 is sufficiently accurate for practical use. 

For irregular sections or for an independent check on the results 
obtained by the analytical method of Part 2, the numerical in- 
tegration method of Part 1 has also been found useful. 
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Discussion 


Tension Tests at Constant 
True Strain Rates' 


Lawrorp H, Fry.? The authors discuss the etfect of tempera- 
ture and strain velocity on the stress-strain properties of various 
materials. In describing testing methods, the authors say, ““The 
value of the true strain rate was controlled by adjusting the 
head motion of the testing machine.” This reads as though 
the assumption were made that the travel of the crosshead 
of the testing machine is the same as the strain of the speci- 
men. This is certainly not the case. 

The writer has shown:’ “Only a small fraction of the crosshead 
travel appears as strain in the specimen. The proportion of 
strain to crosshead travel varies during a test as the load is in- 
creased, but is unaffected by the rate of crosshead travel.” 
Methods are given in the paper’ just quoted for comparing the 
travel of the crosshead with the rate of strain. It would be inter- 
esting to have information as to this relationship in the case of 
the machine used by the authors and the various specimens 
tested. 

Incidentally as a minor point, attention is called to the authors’ 
statement, ‘The standard 0.505-in-diam tension specimen was 
employed throughout the testing program.” Presumably the 
authors refer to the standard 2-in-gage-length specimen of the 
American Society for Testing Materials. Reference to A.S.T.M. 
Specification E 8-42, Fig. 3, will show that the diameter of the 
2-in. specimen is '/; in. plus or minus 0.01 in. 


S. TimosHEeNnKO.‘ The writer would like to bring to the atten- 
tion of American engineers some recent investigations made in 
Russia by N. N. Davidenkov. This investigation deals with cal- 
culation of true stresses and true strains at the minimum diameter 
of tension test bars of Armco iron stretched to various degrees of 
reduction of the cross-sectional area. Eight 1-in-diam bars were 
stretched up to reduction of area from 41 per cent to 69.2 per 
cent, after which they were cut at the minimum diameter. The 
minimum cross sections were polished and microscopically inves- 
tigated. Numerous measurements of average changes of dimen- 
sions of grains showed that radial and tangential strains e, and 
¢, are equal and are constant over the entire cross section. Their 
values obtained from these measurements were in very good 
agreement with the average values obtained from measurements 
of the minimum diameter of the test pieces. This indicates that 
the strains calculated from the measurements of the reduction of 
area represent true strains. 

To obtain the true stress distribution, Davidenkov makes the 
usually accepted assumption 


& — & 

1 By C. W. MacGregor and J. C. Fisher, published in the Dec., 
1945, issue of the JouRNAL or APPLIED Mecuanics, Trans. A.S.M.E., 
vol. 67, p. A-217. 

? Director of Research, The Locomotive Institute, New York, 
N. Y. Fellow A.S.M.E. 

3“Speed in Tension Testing and Its Influence on Yield Point 
Values,”” by L. H. Fry, Proceedings of the A.S.T.M., vol. 40, 1940, 
p. 625. 

‘ Professor of Theoretical and Applied Mechanics, Department of 
Mechanical Engineering, Stanford University, Stanford University, 
Calif. Fellow A.S.M.E. 
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from which he concludes that for e¢, = «, we must also have o, = 
a,. To calculate these stresses and also the stresses o; in the axial 
direction, the curvature 1/R of the longitudinal fibers of the 
stretched bars at the surface was measured and it was assumed 
that for any inside fiber at the distance z from the axis of the bar 
the curvature is 


1 
p Ra 

where a is the minimum radius of the stretched bar. This ex- 


pression for curvature was substituted into the equation of 
equilibrium of an infinitesimal element and in this way was ob- 
tained 


1 
do, = —(¢,—o,) dz = (a; —o,) dz 
p Ra 


By integration, we find 


It is seen that the radial stress o, increases as we proceed from 
the surface of the specimen to its axis. It vanishes at the surface 
and becomes a maximum at the axis, 

From Equation [1] of this discussion we conclude that for 
¢, = ¢, the difference 7, — ¢, must be constant for the entire cross 
section. Denoting that constant value by oo, we obtain 


The summation of stresses ¢; must give us the tensile force S 
stretching the bar. Hence, using Equations [3], and [4], we find 


o,dA = a (1 + ) 
A 0 2 
oe = min = [5] 
xa’ (1 
(o;) max = 00 (1 + 


It is seen that the longitudinal stress is not uniformly distributed 
over the minimum cross section of the stretched bar and that its 
maximum value at the axis of the bar depends upon the magni- 
tude of the ratio a/2R. 

This represents the principal result of Davidenkov’s work. 
We see that the simple tensile test brings us to a complicated 
stress distribution at the reduced cross section. Thus it seems 
desirable, in studying the effect of speed on the stress-strain rela- 
tion, to use the experiments in which stress distribution is not 
affected by plastic deformation. Such conditions can be ap- 
proached in torsion of tubular specimens. Several experiments 
of this kind with tubes of lead were made some time ago by 
James Jamieson at the University of Michigan. 
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AutTHors’ CLOSURE 

The question of the control of the strain rates was brought up 
by Mr. Fry. 

No assumption was either made or used in our experiments to 
the effect that the travel of the crosshead of the testing machine 
is the same as the strain of the specimen as mentioned by Mr. 
Fry. In fact the paper emphasizes that one of the reasons for 
developing the true-strain-rate approach was just to avoid such 
an inequality between rate of head motion and the rate of strain- 
ing of the specimen. Mr. Fry is referred to the first paragraph 
under the heading “Testing Procedure” which brings this out 
clearly. The last sentence of this paragraph states “If the rate 
of head motion is constant it is not true that the strain rate is also 
constant.” 

In the authors’ tests, the true strain rate of the specimen was 
maintained constant by varying the rate of head motion of the 
testing machine throughout each test so that the proper minimum 
diameter was attained at the appropriate time. Since the true 


: d . 
strain e = 2 loge = the absolute value of the true strain rate is 
€ 


where é, d, and d are the true strain rate, the instantaneous di- 
ameter, and the time rate of change of the instantaneous diame- 
ter, respectively. To maintain a constant true strain rate it is 
only necessary then to force the diameter of the specimen to 
follow a certain predetermined schedule of values with respect to 
time by varying the rate of head motion of the testing machine 
through adjustments of the control valve. Hence it is the true 
strain rate of the specimen which is maintained constant and not 
the rate of head motion. 

In addition to the difference between the rate of head motion 
and the strain rate of the specimen to which Mr. Fry refers, it is 
also true that due to the increase in gage length of a specimen 
under tension, the true strain rate is not obtained by dividing the 
change in gage length per unit of time by the original gage length. 
While this procedure does not make any appreciable error at the 
yield point, the error increases with the amount of strain. In 
Fig. 2 of Mr. Fry’s paper,® for example, the effect of strain rate on 
the tensile strength is shown. Unless a correction was made for 
increase of gage length these values do not represent true strain 
rates, 

Likewise, during necking, even if a correction is made for in- 
creased gage length which originally was, say, 2.0 in., the defini- 
tion of strain rate customarily used has little physical significance 
due to the great variation in strain rate along the test bar. 
These various disadvantages are overcome through the use of the 
true-strain-rate definition employed in the paper and given by 
Equation [1] of this closure. 

Professor Timoshenko has very kindly called the authors’ 
attention to a recent interesting paper by N. N. Davidenkov and 
N. I. Spiridonova in which a discussion is given of the true stress 
and true strain conditions in a necked tension specimen. Pre- 
vious contributions on this same subject have been made by 
E. Siebel* and P. W. Bridgman.? The Davidenkov formula is the 
same as the one given earlier by Siebel. 


6 ‘Speed in Tension Testing and Its Influence on Yield Point 
Values,” by L. H. Fry, Proceedings of the A.S.T.M., vol. 40, 1940, p. 
625. 

¢ “Effect of Lateral Contraction in Tensile Test on Strain Hardness 
of Metals,” by E. Siebel, Berichte der Fachausschusse des Vereines 
deutscher Eisenhuttenleute, vol. 71, no. 5, 1925, pp. 1 and 2. 

7™“Stress Distribution at Neck of Tension Specimen,” by P. W. 
Bridgman, Transactions, American Society for Metals, vol. 32, 
1944, p. 553. 
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The formula developed in the paper referred to by Professor 
Timoshenko is based in part on the assumed validity of Equation 
{1] of his discussion, namely, the equality of the stress difference 
and strain difference ratios. Davidenkov points out that this has 
not yet been proved experimentally as fully accurate, but that 
it is used as a first approximation. 

Davidenkov attempts to prove experimentally that the axial 
strain is constant across the necked specimen by measuring grain 
sizes after the specimen has necked down. The scatter of his ob- 
servations and the absence of control measurements on unde- 
formed specimens reduces the significance of his results. 

Tests conducted by the authors two years ago on large 2-in- 
diam. round steel specimens showed that at the minimum sec- 


Ap 
tion the average true axial strain « = log. —- determined from 


diameter mensurements was substantially greater than the true 


axial strain at the surface of the specimen e, = log. ~ as deter- 


mined by the separation of closely spaced scribed circumferential 
lines at the minimum section. The possible effect of the curva- 
ture of the surfaces at the neck was investigated, and found to be 
negligible for seribed lines spaced as closely as in these tests. 
For two such tests carried to strains of about 0.6 to 0.65 the 


Ag 
value of « = loge " was in fact greater than the value of «, = 


low (; ) by 8 per cent in the first test and 10 per cent in the 
at surface 


0 
second at the minimum section. The second test was carried to 
a slightly greater true strain than the first. This variation is 
difficult to reconcile with a constant axial strain value across the 
minimum section. 

Since there is some question as to the validity of the assump- 
tions used by Davidenkov and Spiridonova in their analysis, as 
well as some question as to the validity of their experimental re- 
sults as indicated in particular by the existence of experimental 
contradiction to their observations, the authors have felt that 
any “correction” of the average true stress would not be justified 
at this time, as the determination of the correction factor de- 
Further, if s 
correction” of the average true stress is made, then the results 
of the authors’ tests on round bars indicate that a similar corree- 
tion of the average true strain should be made. Until the question 
of the strain and stress distribution in the neck of a tension speci- 
men is more satisfactorily determined and conflicting observa- 
tions have been reconciled, the authors prefer to deal directly 
with the average true stress (P/A at the minimum section) and 


pends on uncertain and controversial premises. 


Ap 
the average true strain (« = log. = at the minimum section). 


Professor Timoshenko mentions the use of hollow torsion bar-= 
as a more suitable form of test. Our experience has been that i! 
sufficiently thin-walled torsion-test specimens are used to provide 
a uniform state of stress, considerable difficulty is encountered 
due to plastic buckling. If the uniform gage length is made smal! 
to overcome this, the effect of an unknown restraint is introduced 
On the other hand, if the wall is thick enough to prevent buckling, 
an appreciable error is introduced in the calculation of the stress 
The use of solid torsion bars is thus preferable for these reasons 
and also because of the greater amount of machining necessary 
for hollow specimens. 

The authors would like to take this opportunity to thank Mr 
Fry and Professor Timoshenko, and also those who contributed 
oral discussion to this paper, for bringing to their atteation sev- 
eral problems of interest in connection with the constant-true- 
strain-rate tension test. 
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DISCUSSION 


The Axial Vibration of 
Turbine Disks' 


Ek. L. Ropinson.?- This paper emphasizes the importance of 
knowing the natural frequencies of axial vibration of turbine disk 
wheels and presents a method for calculating these frequencies. 
The author has followed the formulation of energies given by 
Stodola* but has worked out and tabulated coefficients applicable 
to a somewhat different type of deflection curve. It would be 
interesting to check through the mathematics from the beginning, 
but this would divert discussion from matters of more conse- 
quence. Suffice it to say that it is advantageous to perform the 
circular integration around a complete circumference rather than 
over one half the angular distance between nodal radii as done by 
Stodola. This detail, however, does not affect the validity of the 
result. 

It is unfortunate that the wheels whose frequencies are of least 
importance are the ones whose frequencies are most easily com- 
puted. On the other hand, the exhaust-stage wheels, having long 
buckets and the lowest frequencies, are the ones whose frequencies 
it is most important to know and, at the same time, the ones for 
which it is most difficult to make a reliable calculation. 

For more than 20 years the writer’s company has made it a 
point to determine the critical frequencies of such wheels by ac- 
tual test, using the methods described by Campbell.‘ Through- 
out this period it has been the opinion of the writer that it was 
possible by calculation to predict the frequencies of a wheel with 
sufficient accuracy to assure that it could be tuned satisfactorily 
for use, and thus preclude any possibility of having to scrap a 
wheel after its manufacture had been completed. On the other 
hand, when it is necessary to work to reasonably close margins 
from resonance, it has never appeared proper to dispense with 
the test determination of the actual frequencies. There are cer- 
tain rather fundamental reasons why this is so, 

With wheels having short buckets some one of the “high-node”’ 
types of vibration will occur in proximity to running speed, and 
such wheels must. be sufficiently rugged to withstand the vicis- 
situdes of service even if operating on a high-node resonance. 
The margins between one resonance and another are too smail to 
assure avoidance, 

With such wheels the potential energy of bending is very 
largely in the wheel and but little in the buckets. Even though a 
considerable fraction of the kinetic energy of vibration is in the 
buckets, this may be estimated with reasonable accuracy. 

On the other hand, with long exhaust-stage buckets it is often 
the case that almost all of the energy of bending as well as prac- 
tically all of the kinetic energy of vibration is in the buckets. In 
this case what goes on in the web of the wheel is of minor conse- 
quence, but what goes on in the attachment of the buckets to the 
rotor, whether a wheel or a drum, is of controlling importance. 
It is necessary to consider whether the attachment is such as to 
bend the rim of the wheel or the outermost continous ring of ma- 
terial in the rotor both in the radial and tangential directions or 
only in a tangential direction. There may be a very sharp curva- 
ture in the radial direction, but much of this may be provided by 
hinging so that it may or may not result in bending the outer ring 
of the disk or rotor in a radial direction. How to represent this 


1 By A. M. G. Moody, published in the March, 1945, issue of the 
JOURNAL oF AppLtepD Mecuanics, Trans. A.S.M.E., vol. 67, p. A-48. 

2? Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

°““Steam and Gas Turbines,”” by A. Stodola, translated by L. C. 
Loewenstein, McGraw-Hill Book Company, Inc., New York, N. Y., 
2 volumes, 1927. 

‘“The Protection of Steam-Turbine Disk Wheels From Axial Vi- 
bration,” by W. Campbell, Trans. A.S.M.E., vol. 46, 1924, pp. 31-160. 
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portion of the structure in any scheme of calculation is almost cer- 
tain to be vital with long buckets. When the true frequency has 
been determined by test it is always possible to sketch in an 
equivalent rim or to say what proportion of a heavy wheel or 
drum participates in bending. However, the real problem is not 
to explain in a satisfactory manner what has been found by test 
but to determine it without a test. 

The shape of deflection curve is most important, but the writer 
has never found it possible to use a standard curve for more than a 
limited type of wheel design. Admitting that the assumed de- 
flection curve may differ from the true curve and still yield a rea- 
sonably good answer, it must also be admitted that if the curve is 
not of a reasonably correct shape, the resulting calculated fre- 
quency can be so much off as to be of no value. 

When confronted with the double set of uncertainties as to how 
to describe a rim or ring of attachment while at the same time 
having to choose a reasonable deflection curve, either choice hav- 
ing a wide and important effect on the answer, it becomes almost 
impossible to proceed without reference to the analyses of the be- 
havior of many similar designs whose frequencies have been de- 
termined by test. 

The writer realizes that this is not a very comforting situation. 
Without wishing to appear unappreciative of an excellent attack 
upon the problem of the frequencies of a wheel with short buckets, 
it does seem necessary to point out some of the very real limita- 
tions when the problem involves long buckets. 


W. E. Trump.er, Jr. In assuming a simplified analytical 
form for the vibratory deflection curve of a radial element, it is 
evident that the effect of complications such as a heavy rim and 
blades attached to it, cannot be adequately accounted for. The 
author has provided certain empirical correction factors to take 
care of a range of these effects. However, it is possible in the 
range of practical design, that the rim and the blades become the 
controlling influence on the disk frequency. 


Fie. 1 Visration Test Resu_tts SHowina Errect or SEVERAL 


CHANGES IN Rim AND BLADES 


To demonstrate that this possibility exists, reference is made to 
some recent tests run in the laboratory of the Westinghouse 
Steam Division at South Philadelphia. Fig. 1 of this discussion 
shows the data for the small disk as drawn approximately to scale. 
Although this disk is mounted by bolting rather than a shrink or 


5 Turbine Engineering Department, Steam Division, Westinghouse 


Electric Corporation, Philadelphia 13, Pa. Jun. A.S.M.E. 
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Fic.2 Resvutts of STATIONARY Test ON Disk WitTH Various Pro- 
FILES 


drive fit at the bore, it acts in the common modes of vibration just 
like any other disk, assuming the hub at the bolt circle. In the 
original test the simulated blades were machined from the solid 
rotor. In the second test, indicated as change ‘‘A,” slots were cut 
between blades through part of the rim. In the last one, marked 
change “B,” the blades were sawed off and soldered back at an 
orientation of 45 deg. Here is a demonstration of the important 
effect which several apparently minor changes have on the fre- 
quency. The mass was not substantially affected. In the case of 
the reoriented blades, the curve seems to become asymptotic to a 
line which is approximately equal to the lowest mode blade fre- 
quency, that about its minimum axis. A high-frequency low- 
mass magnetic vibrator was used to excite these vibrations. 

The results of another series of tests on a disk are shown in Fig. 
2. These blades are shrouded in small groups. Having run the 
first test with the unprofiled wheel, it was possible then to recut the 
disk with profiles of successively smaller neck thickness. Here it 
is seen that all the frequency curves approach the same line, 
which again is found to be the lowest mode blade-group fre- 
quency. 

These tests indicate that in the system of wheel, rim, and 
blades, all three elements have importance of the same order over 
a wide range of practical interest. Of course there are some situa- 
tions where only the blade frequency is of interest, and some 
where the blades are so small that only disk vibration is involved 
(with corrections), but there is an important range where a satis- 
factory analysis cannot ignore a combined consideration. This 
has been pointed out previously by I. Malkin.*® 

The restrictions imposed by the Rayleigh-Ritz method are 
such that in order to take into account adequately the effect of 
blades and rim, we have resorted to a different approach which 
has given highly satisfactory results at least for those systems for 
which we have experimental data. 

It would be of considerable interest and help to those applying 
his method if the author would report the correlation of calculated 
and test frequencies so that limits for rim and blade proportions 
may be indicated for satisfactory results. 


AuTHor’s CLOSURE 


Mr. E. L. Robinson’s contributions to the field - ~ mechanical 
problems in turbine design and particularly to th subject of disk 


6 “On a Generalization of Kirchhoff’s Theory of Transversal Plate 
Vibrations in the Vibration Problem of Steam Turbine Disks,’’ by 
I. Malkin, Journal of The Franklin Institute, vol. 234, Oct., 1942, pp. 
355-370; and vol. 234, Nov., 1942, pp. 431-452. 
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vibration have been so considerable that it is a source of great 
satisfaction to the author to have his comments on the subject 
paper. All his points are well taken, and while some of them 
were touched upon in the paper, they should perhaps have been 
given more emphasis. The method described is simply of no 
value for wheels having extremely long blades. In the paper it 
was suggested that a blade length equal to 40 per cent of the 
radius of the disk proper be adopted as an upper limit. Excellent 
results have been obtained with blades close to this length. 

To be sure, Mr. Robinson’s point that the longer blades are 
precisely those which it is important to know accurately is per- 
feetly valid. Nevertheless, the author feels that it is of real value 
to the designer to have a relatively simple and quick method for 
making sure of wheels with short blades which, as pointed out in 
the paper, do constitute the large majority of all turbine wheels. 

More emphasis might well have been given to testing, though 
this has been well treated in the literature, as will be seen by ref- 
erence to the papers listed in the bibliography given by the author. 
No program of vibration calculation should be contemplated 
which is not closely tied in with experimental checks. The 
method presented would not have been developed if previously 
described methods had not failed to check closely with experi- 
mental observations. 

Mr. Trumpler’s discussion presents some interesting informa- 
tion and, like Mr. Robinson’s, emphasizes the importance of the 
blades. The difference in frequency caused by reorienting the 
blades is large, and indicates that in practice if a blade design 
radically different from the conventional were to be tried, too 
much faith should not be placed in calculations. This would, 
however, be an unusual situation. Furthermore, it applies only 
to relatively long blades. One thought which it gives rise to is 
that blade length alone is not the determining criterion, since a 
disk whose hub diameter is a large percentage of its rim diameter, 
such as that indicated in Fig. 1 of the discussion, would naturally 
be more susceptible to changes in blade shape than one supported 
nearer the center. 

Unfortunately, the author has no clear information on the 
range in which blades and disk both have a major effect on 
the frequency, and can only repeat that the method is not to be 
used there. With blades having a length of nearly 40 per cent 
of the radius, calculations have come consistently within 5 per 
cent of the test values and this is considered satisfactory. 

The author wishes to express his appreciation to Messrs. 
Robinson and Trumpler for valuable and interesting discussions. 


Distribution of Tooth Load 
Along a Pinion’ 


D. W. Dupuey.? The authors of this paper have obtained a 
precise mathematical solution to one of the gear-designer’s most 
complicated problems. Considering the complexity of the re- 
sults, it is not surprising that approximate and rule-of-thumb 
methods have been used in the past to govern the relation of 
pinion face width to pinion diameter. 

In spite of the complexity of the direct mathematical solution 
of the load-distribution problem, the solution obtained may be 
checked by simple deflection formulas. It is only necessary to 
take the distribution of load curve, wy versus 1, and replace this 
loading by a series of concentrated loads spaced at regular inter- 
vals; these concentrated loads having individual amounts pro- 
portional to the wy value for each of their locations, and a total 


1 By H. Poritsky, A. D. Sutton, and A. Pernick, published in the 
June, 1945, issue of the JouRNAL or APPLIED MeEcuanics, Trans. 
A.S.M.E., vol. 67, 1945, p. A-78. 

2? Gear Engineering Division, General Electric Cempany, River 
Works, Lynn, Mass. 
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value equal to the total applied load. By superpositioning the 
deflections of these concentrated loads, total deflections can be 
obtained. Ifa sufficiently large number of concentrated loads are 
used, the total deflections obtained by this method should closely 
check with those obtained by the equations in the paper. The 
writer has used this method to check numerical answers to the 
illustrative problems given. 

The solution of the distribution-of-load problem can probably 
be best put into a proper perspective by considering it as step 2 
of a problem of 3 steps. Step 1 is the determination of the various 
stiffness constants. This in itself is no small problem, since the 
geometry of the gear teeth and the pinion cross section tend to 
place them in a boundary region where the usual textbook formu- 
las for bending, torsion, and shear do not apply exactly. The 
bending of a helical gear tooth is particularly difficult, since such 
a tooth in different transverse sections is loaded simultaneously 
from the base to the tip. Formulas for the stiffness constants can 
best be obtained by making a careful study of the pinion- 
and-gear geometry and then “calibrating”? tentative formulas 
by actual laboratory check. 


PINION LENGTH 
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Fic. 1 Torque Capacity or A PINION WHEN ContTaAcT PRESSURE 


Is HELD CONSTANT 


The second part of the general problem is, of course, the’ solu- 
tion for the load distribution using the given stiffness constants. 
The third part of the problem is the actual application of the re- 
sults to solve a design problem. Here it is necessary to consider 
the expected range of cutting inaccuracies, the effect of lubrica- 
tion, the effect of dynamic load, possible corrective wear, and 
changes in alignment which can be made in the casing. From a 
consideration of all these, the designer should be able to decide 
what constitutes the optimum design. 

A few words should be said to define the optimum design from 
the standpoint of load distribution since neither in this paper nor 
in the parallel paper by Lewis? was there a clear statement of the 
ultimate objective in load-distribution studies. A designer lim- 
ited by a certain maximum intensity of contact pressure and 
given a pinion of certain diameter, a certain size and shape of 
pinion teeth, and a certain specified pinion cross section must 
decide what face width will carry the maximum torque. Fig. 1 
of this discussion shows schematically how the torque carrying 
capacity of a pinion might be plotted as a function of its face 
width. Locating the high point of this torque curve is of course 
the final solution to the load-distribution problem. 

*“Load Distribution of Reduction Gears,”’ by F. M. Lewis, pub- 


lished in the June, 1945, issue of the JouRNAL or APPLIED ME- 
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In summary, the writer feels that the paper presented by 
Messrs. Poritsky, Sutton, and Pernick, while not a complete work in. 
itself on the subject of gear deflection, is still a big step forward 
in the direction of more scientific handling of the deflection 
problem. 


ALEXANDER Hammer.‘ The mathematical solution of such a 
complex problem on load distribution along the pinion, as pre- 
sented itself after the authors took so many deciding factors into 
consideration, is clear and comprehensive to the gear designer. 
The authors emphasize that the examples chosen do not corres- 
pond to actual design practice but were selected for the purpose 
of bringing out, in an exaggerated manner, the effect of som» of 
the factors involved. But if the method is applied to protlems 
which do correspond to actual and good design practice, the 
difference in the results when the actual load distribution is taken 
into consideration, or when uniformly distributed load is as- 
sumed, is not so pronounced. 

Messrs. C. R. Waller and A. Peterson,’ of the writer’s com- 
pany, assuming uniformly distributed load along the pinion, 
established load-carrying capacities based on certain designing 
factors, which in turn did not allow an increase in the sum of tor- 
sional and lateral deflection above 0.001 in. These factors have 
guided our design for many years. More recently, we have con- 
ducted an elaborate investigation in which helix angle, pressure 
angle in plane of rotation, contact ratios in the axial and radial 
planes, i.e., the number of teeth in contact in the same planes, 
the total length of contact and especially tip relief, were taken 
into consideration. Although we increased our load-carrying 
capacities, we did not exceed the allowable 0.001 in. for the total, 
i.e., the sum of torsional and lateral deflection. 

It is noted that the load-concentration curve established for a 
double-helical pinion, which the authors selected as a practical 
example, shows a maximum load-concentration factor at the 
torque end of the pinion as high as 1.9, but elimination of the 
negative portion of the load will lead to a decrease of this value. 
Making the tooth more flexible, using tip relief, we reduce the 
stiffness, causing considerable reduction in the maximum load- 
concentration factor. 

Taking the effect of the oil film between mating teeth into con- 
sideration, we have been able, by using E. K. Gatcombe’s 
method,® to determine the minimum thickness and the width of 
the oil wedge which separates the tooth surfaces. It was found 
that the width of the supporting wedge was considerably larger 
than the Hertz contact area and after determining the support- 
ing effect of this wedge along the line of contact for the different 
mating phases, it was safe to assume that the oil film will induce 
a more evenly distributed load concentraticn. 

The increased load carrying capacities appiied to unchanged 
transmitted horsepower do indicate an allowable decrease in 
the width of face of pinion, which in turn leads to a considera- 
ble reduction in the maximum value of the load-concentration 
factor. In one of the examples given by the authors, a 25 per cent 
reduction in the face width produces a 31.5 per cent reduction 
in the maximum value of wy. 

There are many other factors, mostly taken into consideration 
by the authors, which have a tendency to equalize the load dis- 
tribution along the face width of the pinion. Of course, one 
knows that a very small misalignment gap may affect the load 


* Research Engineer, De Laval Steam Turbine Company, Trenton, 
5 **Reduction Gears,’’ by C. R. Waller and A. Peterson, chapt. 8 in 
Marine Engineering, vol. 1, edited by H. L. Seward, published by 
The Society of Naval Architects and Marine Engineers, New York, 
N. Y., 1942. 

‘ “Lubrication Characteristics of Involute Spur Gears,”’ by E. K. 
Gatcombe, Trans. A.S.M.E., vol °67, 1945, pp. 177-188. 
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distribution profoundly, but on the other hand, with tooth relief 
we could achieve absolutely uniform load distribution for a par- 
ticular applied torque. The authors state that this relief did not 
exceed 0.00019 in. for the example considered, but for practical 
consideration such small differences could be expected to be re- 
lieved by the wear on the teeth under high load. 

Practical experience gained from actual performance and 
measurements taken in our gear department verify the deflection 
results which were calculated, assuming uniform load distribution 
along the face of the pinion, and taking the previously mentioned 
corrective factors into consideration. But for special gear- 
reduction problems where the designing factors are predeter- 
mined to such an extent that one cannot keep the ratio of face 
width to pitch diameter under 2.5, the method given by the 
authors will find a most welcome application. 


AutHors’ CLOSURE 


The authors are grateful to Messrs. D. W. Dudley and Alex- 
ander Hammer for their interesting discussions of the paper and 
have read with interest F. M. Lewis’s paper.’ It is quite true 
as Mr. Dudley points out, that the calculation of the stiffness 
constants is the first step the gear designer is faced with in solv- 
ing the problem of distribution of load. Except in section 3, 
very little was said about this step, since—due to space limita- 
tion—the attempt was made to concentrate on the effect of these 
constants, after they had been determined, upon the load dis- 
tribution. While approximate methods of calculating these 
constants are known,’ it is clear that their precise evaluation is 
not a simple matter and involves complex analysis, good engi- 
neering judgment, as well as measurements, to substantiate the 
approximate theoretical formulas which can be worked out. 

It is of interest to point out that the Hertz compressibility 
effect near the contact region yields a compression which is not 
linear with the load thus resulting in a variable and a non- 
linear substitute for Equation [i1] or [13]. Furthermore, owing 
to the variable curvatures and the variable bending stiffness, 
there is a slight variation in tooth deflection as contact proceeds 
from the pitch line in either direction; this effect and the varia- 
tion of the number of teeth in the arc of action lead to a variation 
in stiffness constant as contact moves along a tooth, and may 
produce a pulsation of half tooth frequency. 


7“The Strength of Gear Teeth,’ by S. Timoshenko and R. V. 
Baud, Mechanical Engineering, vol. 48, 1926, p. 1108. 
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The effect of the oil film in increasing the equivalent tooth 
flexibility reported by Mr. Hammer is interesting and is worth 
reporting in the literature. 

The successive-approximation method described by Mr. Lewis 
in his. paper is a welcome alternative to the analytical method of 
the authors’ paper. For almost any problem, it is well to have 
several alternative ways of solution and be able to choose the 
proper one for the particular occasion. As a matter of fact, 
the authors, too, had tried a graphical successive approximation 
method on the rather flexible pinion of Example 1, but after 
carrying out several steps and finding no signs of convergence, 
gave up the attempt, being pressed for time. 

In defense of the analytical method the authors wish to state 
that it is not really as complex as might appear at first sight. 
The “complex’’ appearance of the solution (‘‘complex’”’ in the 
sense of complex numbers) can, of course, be completely elimi- 
nated by adding conjugate imaginary terms. By breaking the 
solution into an even component and odd one, it was possible to 
minimize the algebraic work involved in the determination of the 
constants; in examining the effect of misalignment, it then turned 
out that only the odd solution was changed while the even one 
remained unchanged. Thus a physical meaning was obtained 
for the simplification which first was suggested by analytical 
expediency. 

By further algebraic reduction, the effect of the two pertinent 
design constants a and 8 on the stress factor in the middle of the 
pinion and at its end was computed for the even component of 
the load. For these calculations the authors are indebted to 


TABLE 1 VALUES OF wy AT TORQUED END 
8 a=4 a= 8 a= 16 
9 1.230 1.378 
36 1.424 1.560 1.812 ee 
100 1.820 1.934 2.150 2.537 
225 2.408 2.4 2.668 2.985 
441 3.089 3.153 3.290 3.545 
784 3.754 3. 3.916 4.126 
1296 4.349 4.395 4.494 4.680 
TABLE 2 VALUES OF w AT MID-POINT 
8 a=s=2 a= 8 a = 16 
9 0. 5 0.8163 
36 0.7777 0.7191 0.6187 ia 
100 0.5650 0.5225 0.4488 0.3365 
225 0.2589 0.2371 0.1975 0.1374 
441 ~—0.0717 —0.0765 —0.0844 —0.0950 
784 —0.3519 —0.3454 —0 .3330 —0.3099 
1296 —0. 5421 .53 —0. 5083 —0.4680 
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W. B. Jordan. Tables 1 and 2 and Figs. 2 and 3 show the re- 
sulting values of wy as a function of 8 for various a’s. A glance 
at these curves will show whether any proposed design, that is, 
any value of @ and 8, will lead to a very flexible pinion or not. 
Clearly high flexibility relative to the tooth stiffness is obtained 
when the maximum stress-concentration factor in Fig. 2, de 
parts appreciably from unity, while in Fig. 3 there is a tendency 
for low or even negative value of wy at the middle. 

Quite a few years ago there was evidence of difficulty at the 
ends of a pinion of rather extreme proportions. This difficulty 
was remedied by a change of design which served to increase the di- 
ameter slightly and alter the tooth form. Recent review of the 
case in accordance with the methods set forth in the paper reveals 
that the design change resulted in a decrease in 8 from 438 to 257 
and @ from 9.8 to 7.0. The concentration factor at the torqued 
end was thus reduced from 3.3 to 2.7 and at the middle the 
change was from —0.08 to +0.15. 

The ratio of length to diameter is often used as a measure of 
pinion flexibility and for the case just cited, the change in this 
ratio was from 3.74 to 3.38. That this ratio is not the complete 
criterion for determining allowable pinion flexibility can be in- 
ferred from a consideration of a third pinion having a ratio of 
3.9. This pinion has operated satisfactorily for the past decade; 
however, in this case, the tooth stiffness is greatly reduced so 
that the values of a and § are 7.36 and 359. Comparison of the 
first and third pinions on the basis of amount of wear relief to 
uniformize the load indicates that a maximum of 0.0008 in. 
would be required in the latter as against 0.003 in. in the former. 


The Effect of Transverse Shear 
Deformation on the Bending 
of Elastic Plates’ 


L. H. Donne.u.? It may be of interest in connection with 
this excellent paper to present another method of considering 
transverse shear strains in plates, which the writer developed at 
Chance Vought Aircraft to solve certain problems involving 
sandwich-type plates. The method seems to approach the 
problem from a somewhat different and perhaps simpler view- 
point than the author’s, but the solution is doubtless much more 
approximate than his® 

It. will be helpful to review first the case of shear deformation 


yh 


= 
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—> X 


Wy 


kia, 


in rectangular beams.’ The lateral deflection due to shear, 
designated by w,, can be considered to be superposed on the 
usual deflection due to bending, which will be designated by w». 
The bending moment per unit width of section is, Fig. 1 


! By Eric Reissner, published in the JouRNAL or APPLIED Me- 
cCHANtICcs, Trans. A.S.M.E., vol. 67, 1945, p. A-69. 

* Research Professor of Mechanics and Director of Mechanics and 
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and the transverse shear force per unit width of section is 


dm Eh? d*w, 
The additional slope of the deflection curve due to transverse 
shear is, for the symmetrical case 


dw, nf, ue. + dw, (3) 


where n is a numerical factor having a value between 1.5 (which 
it would have if there were no restraint against warping of cross 
sections) and 1.0 (if there were complete restraint against warp- 
ing of all cross sections.) Actually there is always some restraint 
against warping due to symmetry or end fixity, and a value of 
n = 1.2 can be used for most practical cases. 


1 
wv, = + 


where a is the length of the beam, C is an integration constant 
which can be determined from the condition that w, = 0 at reac- 


tions, and 
[h\’ 
3 a 


For the general case another constant C’ should be added to 
the right-hand side of Equation [3]. C’ , to the right-hand side 
of Equation [4], and C and C’ determined from the two end 
conditions for w,. 

As an example of the application of the fundamental Equa- 
tion [4] consider the case of a beam supported at the ends and 
with a uniformly distributed load q per unit length. From 
elementary beam theory the deflection due to bending is 


Using Equation [4] and the end condition rz = 0: ww, = 0 to 
determine C, we find 

 4EI 


(az — x?) 


The maximum deflection is therefore increased by the factor 


Ws 2 


Similarly, the factor for increase of the maximum deflection 
due to shear is found to be (1 + 24 8) for the case of a uniform 
load and fixed ends. For the case of a concentrated load in the 
middle, this factor is found to be (1 + 6 8) for supported ends and 
(1 + 24 8) forfixedends. _ 

In the case of buckling of struts the buckling load is reduced 
due to shear by a factor similar to Equation [7], since the bend- 
ing moments are proportional to w» + w,, while the internal 
resisting moments are the same as if w, alone were the deflection. 
For a hinged-end strut, if we assume that 


a 


we find from Equation. [4] and the condition z = 0: wv, = 0 
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Wp> Ws 
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Since w, has the same shape as w,, the usual equilibrium condi- 
tions will be satisfied if the critical load is reduced by the factor 


2 
+5 )....... 
Wp 2 


which checks with a solution obtained in a somewhat different 
manner.’ Similarly, the buckling load of a fixed-end strut is 
decreased by a factor 


(1 + 2 78) 


This method will now be extended to the case of a plate or 


. [10] 


= (1 + 208) 


shell, such as is shown in Fig. 2 of this discussion. The bending 
and twisting moments per unit length of section are 
ty = —D(1—s) 


From the moment equilibrium of an element, and using Equa- 
tion [11], we obtain 


) 
— D— (V? wm) | 
ox oy re) (12) 
Oy oz re) 


Using Equation [5] as in the derivation of Equation [8] and 


taking » = 0.3, for the symmetrical case 
Ow, nf, 
— v2 
0.55 Ba ( We) 
ow, nf, 
= — = — 0.55 Ba? — (V? 
Ch 0.55 Ba 
where 8 is the same as defined by Equation [5]. Integrating, 
we obtain 
w, = —0.55 Ba? V2 we + [14] 


where C is a constant of integration, as before, which can be 
determined from edge conditions. There are no variables of 
integration; as usual in the integration of partial derivatives, 
because both Equations [13] would not be satisfied if they were 
present. 

As an example of the application of the basic Equation [14], 
consider the case of a flat or curved panel with hinged edges, 
whose deflection, neglecting shear, can always be expressed in the 
form 


’“Theory of Elastic Stability,” by S. Timoshenko, McGraw- 
Hill Book Co., Inc., New York, N. Y., 1936, p. 139. 
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13,.. 13,0. 


Substituting this expression in Equation [14] and using the 
condition z = y = 0: w, = 0, we find 


2 
= 5.48 m? + n? 
b? a 
n 


Values of the coefficients W,,, can be obtained by strain- 
energy methods, which have been worked out in general form 
for the case of a flat panel. For example, for a flat panel under 
uniformly distributed pressure p, it is found that 


192 (1 — pat 
Wn = ( Eh 


[16] 
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+ n? 


The deflection in the middle is therefore increased due to shear 
by the factor 


(17) 


a? 
mn (ms + n?- 
Ws 
= b 


The final fraction converges rapidly and it is sufficient to cal- 
culate it for the first few terms, say, for m, n (1, 1) (1, 3) (3, 1) 
(3, 3) in this manner the factor is found to be 


1 
(1 +9.7 6) = 1; (146.08) for-=-.... 


b b 2 (19) 


For the buckling of a flat panel under a uniform compressive 
stress in the b direction, the theory, neglécting shear, indicates 
that the deflection consists of one term only of Equation [15], 
and for this term m = n = 1 whena >}, and m = 1,n = b/a 
when a < b. Using these values in Equations [15] and [16], 
we find that the factor by which the deflection is increased and 
hence the buckling stress is decreased by shear is 


2 
+ when a > b 


(1+ 10.88) whena<b 


These methods apply equally well to “large-deflection’’ or 
“second-order” plate and shell theories, but in this case the 
additional deflections due to shear should be calculated from the 
deflections given by ordinary small-deflection theory, and then 
added to the deflections given by the large-deflection theory. 


D. C. Drucker.‘ The remarkable extension of the theory of 
plates presented in this paper is of great interest both to the 
elastician and to the practical engineer. Therefore it would 
seem to be worth noting that experimental results published by 


4 Supervisor, Mechanics of Solids, Armour Research Foundation, 
Illinois Institute of Technology, Chicago, IIl. 


Jun, A.S.M.E. 


> 
y 
| 
h 
at 
We 
I 
> 
2 2 
a?\? 
ae mn{ m? + n? — 
b? 
4 
‘ 
x 
2 


DISCUSSION 


Goodier and Lee,® and by the writer® substantiate the theory for 
the circular hole in a bent plate when the diameter of the hole 
and the thickness of the plate are comparable. Their data, 
which were obtainéd by photoelastic means, are given in Table 
1 of this discussion. Term K is the stress-concentration factor 
based on the stress in the gross section. 


TABLE 1 EXPERIMENTAL RESULTS FOR A CIRCULAR HOLE 
IN A BENT PLATE 

Hole diam. 

Plate width 


Hole diam. 
K Plate thick. 


Plane stress 
correction factor? 


Corrected 
kK 


DRUCKER 
2.50 0.50 0.091 3/3.03 2.48 
2.40 1.00 0.182 3/3.10 2.32 
2.30 1.50 0.273 3/3.26 2.11 
GoovieR AND Leg 
1.92 2.04 0.129 3/3.05 1.89 
2.00 3.06 0.194 3/3.13 1.92 
2.09 4.08 0.258 3/3.24 1.94 
2.33 6.12 0.388 3/3.64 1.92 


“N\echanical Springs,’ by A. M. Wahl, Penton Publishing Co., Cleve- 
land, Ohio, 1944, p. 300, 
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The dots and triangles plotted in Fig. 3 of this discussion, repre- 
sent the data arbitrarily corrected for the finite width of plate 
by the factors which hold for the case of pure tension (see foot- 
note to Table 1 of this discussion). Many of the points are thus 
subject to question, but the most important value of 2.5 for a 
‘/-in. hole in a '/,in. plate is not affected. 

Although the agreement between theory and experiment is 
very good, some caution must still be exercised in the applica- 
tion of the results. Of necessity the experimenters also assumed 
that the distribution of the stress through the thickness was 
linear, or more precisely, they interpreted their experimental re- 
sults on this basis. Nonlinear distributions, especially local 
disturbances at or near the surfaces of the plate, would thus be 
averaged out and could not easily be detected. 

Another point of interest is that the large value found by the 
author for the magnitude of the transverse shearing stress when 
the plate is thin is very close to the residual shearing stress at the 


*“An Extension of the Photoelastic Method of Stress Measure- 
ment to Plates in Transverse Bending,” by J. N. Goodier and G. H. 
JOURNAL or Mecuanics, Trans. A.S.M.E., vol. 63, 1941, 
p. A-27. 

“The Photoelastic Analysis of Transverse Bending of Plates in 
the Standard Transmission Polariscope,"” by D. C. Drucker, Jour- 
a or AppLieD Mecuanics, Trans. A.S.M.E., vol. 64, 1942, p. 

-161. 
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boundary of the hole appearing in the theory of moderately thick 
plates. 


J. N. Gooprer.’? The paper is an interesting attempt to free 
the small-deflection theory of plates from one of its most serious 
defects, i.e., its inability to meet the conditions of preseribed 
bending moment, twisting moment, and transverse shear force 
at an edge, except by replacing the horizontal (in the plane) shear 
stress of the twisting moment by statically equivalent vertical 
The error so introduced is local to the edge, but, as 
in stress concentration at a hole, this is often objectionable. 

The author’s theory makes two principal assumptions, (1) 
that the stress components ¢,, ¢,, 7,, are linear through the thick- 
ness; (2) that at an edge the displacements u,, u, vary linearly, 
and w does not vary, through the thickness. The second raises 
some questions because the essence of the theory is to take into 
account deformation due to shear (7,,, 7,:) and transverse stress 
(o,) as well as bending stress (¢,, ¢,, 7,,). The shear deforma- 
tion will cause departure from linearity of u,, u,, and the effects 
of o, will cause w to vary through the thickness. 

Terms such as, but slightly different from, those introduced 
by the author can be derived by somewhat more elementary con- 
siderations without making the assumption (2). But also the 
well-known equations of the old theory can equally well be 
derived without neglecting any part of the deformation, that is, 
by making assumption (1) alone. The analysis follows: 

Making assumption (1), that is, starting from Equations [la], 
[1b], [1c] of the paper, Equations [2a], [2b], [4] for r,,, r,, and o, 
follow from the differential equations of equilibrium. The 
strain components can then be evaluated, and from these the 
curvatures and twist of the plate, of the middle surface, or 
the faces, or of intermediate surfaces, can be found by means of 
the identities 


stress. 


y2 


0*w Oe, 2 Oe-, 
ox? oz’ dy? dy dz oxrdy 
sy 


ox oy oz 


For instance, the first of these gives for the curvature of the middle 
surface 


12 
Oz? Eh’ 


Comparing this with the expression multiplying 5/7, in Equation 
[13] of the paper, it will be observed that the terms involving V, 
and p are of the same nature as the author’s, but the numerical 
coefficient in the 0V,/0n term is here 3, instead of the author’s 
12/5, and in the p-term it is here 3/2 instead of the author’s 12/10. 

The twist of the middle surface is found from the third identity 


3(1 +») f/OV, av, 
* Eh (= v=) 


3(1 + ov, 3v 


+ oe + 


as 


24 (1 + ») 
2 =— — 
Eh’ Hey 


Again 3 appears instead of the author’s 12/5. 

If instead of considering the curvatures and twist of the middle 
surface we evaluate them for the upper or lower face of the plate, 
the terms in V,, V,, p disappear, and the results are of exactly 
the same form as in the unmodified plate theory. This shows 
that the “correction terms” express (granted assumption 1) 
the difference in curvature and twist between the middle sur- 
face and the upper or lower surface. It is therefore not en- 


7 Professor of Mechanics, Cornell University, Ithaca, N. Y. Mem. 
A.S.M.E. 
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tirely consistent to disregard the variation of w through the 
thickness, as in the author’s assumption (2). 

The expressions for the curvatures and twist of the upper (or 
lower) face can be used just as well as those of the middle surface. 
In conjunction with the equations of equilibrium, they will yield 
the usual equation DV‘ w = p for the deflection. The boundary 
conditions .nust now of course be put in terms of the upper (or 
lower) face deflection. This theory would thus consist of all 
the usual equations, but nevertheless takes into account all 
kinds of deformation. 

In a problem where the boundary conditions are in terms of 
the edge deflection, it would differ from the theory incorporating 
“correction terms’ only in employing the face deflection at the 
edge instead of the middle-surface deflection. In a problem 
specifying bending moment, twisting moment, and transverse 
shearing force at an edge, as at a free edge, it would proceed 
exactly as does the old theory—and be equally unable to satisfy 
three conditions exactly, instead of two. We are thus con- 
fronted with this question: Why should a theory involving 
precisely the same assumptions, but using the deflection of the 
middle surface instead of that of the face, lead to the possibility 
of satisfying all three edge conditions? 


AuTHOR’s CLOSURE 


The author appreciates Professor Donnell’s comments and the 
communication of his earlier unpublished results on the effect. of 
transverse-shear deformation on the bending deflection and 
buckling loads of elastic plates. He would like to say that 
for the problems considered by Professor Donnell and restricting 
attention to isotropic homogeneous plates, these earlier results 
are substantially confirmed by results which can be obtained from 
the author’s formulas. It may be permitted to say, however, 
that as far as the author can see, Professor Donnell’s approach 
to the subject does not include the possibility of satisfying three 
edge conditions instead of the two conditions which are used in 
the theory without transverse-shear deformation, and also in the 
theory of moderately thick plates. The author thinks that as a 
consequence of this it is not possible to apply Professor Donnell’s 
formulas to the two problems to which the author’s results were 
applied, namely, (1) the problem of Saint Venant torsion of a 
rod with rectangular cross section; (2) the problem of the stress 
concentration at the edge of a circular hole in transversely bent 
plates. 

In these and other problems, but not in the problems considered 
by Professor Donnell, it is essential that provision be made to 
take account of the fact that the stresses may change substantially 
within edge zones, the width of which is of the order of magni- 
tude of the plate thickness itself. The possibility of providing 
for this necessity is given not by including extra terms in the 
relations between couples and curvatures® (as in Equations [IT] 
to [IV] of the paper under discussion), but rather by replacing 


the relations 


dx’ Oy 
which are used in the theory of thin as well as of moderately 
thick plates, by the relations 


h? o 
0 ) Vy) D Vw... . [22] 
which were obtained in the author’s paper. 
The author is grateful to Dr. Drucker for the two additional 
references to experimental results and in particular for his kind- 


* For the inclusion of such extra terms see also ‘“‘Theory of Plates 
and Shells,”’ by 8S. Timoshenko, McGraw-Hill Book Company, Inc., 
New York, N. Y., 1940, p. 111. 
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ness in supplying a comparison between the results of the photo- 
elastic tests and the calculated data of the present paper. 

Dr. Drucker brings up an important point by mentioning that 
in interpreting the results of the photoelastic experiments as well 
as of the calculations, one is led to what might be called “‘stress 
couple concentration factors’? rather than to stress-concentra- 
tion factors. To calculate the difference between these two kinds 
of factors it would be necessary to extend the theory in such a 
way that in addition to components of the bending stresses 
which vary linearly across the thickness, there are taken into 
account additional terms which vary across the thickness like, 
say, cubic parabolas. The author believes that such an exten- 
sion, while analytically quite heavy, could be made and numeri- 
cal results be obtained. 

It is the author’s feeling that the differences between stress- 
couple-concentration factors and _ stress-concentration factors 
should, in order of magnitude, not go beyond 10 per cent of the 
values of the couple-concentration factors obtained in the paper 
and possibly be appreciably smaller than this. 

Professor Goodier raises some interesting questions concerning 
the meaning of the author’s results by contrasting them with 
formulas which he obtains without the use of a minimum-energy 
principle. He finds that in so doing two different kinds of re- 
sults are obtained, depending upon whether attention is focused 
on the middle surface of the plate or on the face surfaces of the 
plate. Perhaps one should say that the variational method used 
in the paper strikes in a natural way a balance between the two 
possibilities indicated by Professor Goodier and leads then also 
automatically to the appropriate three boundary conditions of 
the problem. 

Professor Goodier further questions the compatibility of the 
author’s assumptions regarding the distribution of stress across 
the thickness and of the distribution of the displacements at the 
edge across the thickness. The author is indebted to Professor 
Goodier for bringing up this point. It has led the author to re- 
consider the question of the displacements in the interior as well 
as at the edge, and he finds that his analysis, while not needing 
reinterpretation in so far as the two applications which were made 
in the paper are concerned, does stand in need of such reinterpreta- 
tion in so far as the meaning of the Lagrangian multiplier w is 
concerned. It is found that the quantity w which occurs in 
Equations [I] to [VI] of the paper, does not represent an approxi- 
mation to the transverse deflection of the middle surface (or of 
the face surfaces) but rather represents an approximation to « 
weighted average across the thickness of the deflections W o! 
all surfaces contained in between the two faces of the plates 
This average w is, for the assumed stress distribution 


h/2 \* 
(5) 
1—{- dz 

-h/2 /2 
Likewise one should not define the quantities u,’ and u,’ which 
occur in Equations [15a] and [15b] by means of Equations [9a_ 

and [9b], but rather in the following way 


un dz dz 


s dz 2 — dz 
h/2 h/2 


Only these averaged components of direction change of the 
normal to the undeformed middle surface are of importance it 
the present theory. Distributions of u, and u, across the thick- 
ness which lead to the same values of u,,’ and u,’ are equivalen' 
within the framework of the present developments. 
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Cylindrical Buckling of Sandwich Plates 


By J. N. GOODIER,' ITHACA, N. Y. 


In the buckling of ‘‘sandwich plates’? with a relatively 
easily deformed interior, or core, material, the core is not 
stiff enough to keep plane sections plane when the bending 
occurs. The core must then be analyzed according to the 
equations of plane strain, but the fact that the bending 
takes place in the presence of thrust means that terms 
representing the destabilizing tendency of the thrust 
must be included. The resulting problem is solved in 
the present paper for a sandwich plate in ‘“‘cylindrical 
buckling’’—that is in a mode analogous to that of the 
hinged column. 


NOMENCLATURE 


The following nomenclature is used in the paper: Subscript 1 


designates faces; subscript 2 the core 


E,, E; = Young’s moduli 

Poisson’s ratios 

thrust per unit width on sandwich plate 
thickness of each face 

thickness of core 


= t/h 


nw = 


ll 


E,/E: 
E,t#/12(1 — 

(1 — + v2) 

2(1 + ve) 
a = 2x/wave length of sinusoidal deformation 
ah/2 


ll 


Lamé constants of core 


a2, = critical stress in core 

8s = 

1 — + 2rp(1 — »,?) 
1 — + 2re(1 — pv?) 

1 — + — 


= 


= 2at 


c's = 4p 


INTRODUCTION 


By “sandwich plate,” Fig. 1, is meant a nonhomogeneous flat 
thin plate made by bonding two like cover sheets (the faces) toa 
plate of another material (the core). The combination is re- 
quired to withstand as much compression (e.g., vertically in Fig. 
1) as possible without buckling. Several types of buckling are 


1 Professor of Mechanics, Cornell University. Mem. A.S.M.E. 

Presented at the National Meeting of the Applied Mechanics 
Division, Buffalo, N. Y., June 21-22, 1946, of Tue American So- 
CIETY OF MECHANICAL ENGINEERS. say 

Discussion of this paper should be addressed to the Secretary, 
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cepted until January 10, 1947, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


A-253 


1 


(a) (b) 
Fia. 2 


conceivable. The whole plate being simply, or otherwise, sup- 
ported, it may buckle as a whole as a homogeneous plate would, 
Fig. 2(a); or the faces, stiffened by the action of the core as an 
elastic support, may buckle to a rather small wave length. A 
symmetrical mode of this kind is indicated in Fig. 2(b). Such 
modes have been investigated by Gough, Elam, and de Bruyne 


x 
r | < 
X 2(1 — vy) 
= 
HY 
x 
= 
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(1),? and by Hoff and Mautner (2), who have observed in tests 
and made calculations for, a “skew”? mode different from Fig. 
2(a) or (b). Thestresses occurring at the bond when the buckling 
deformation occurs constitute distributed loads on the faces, 
which at the same time are under compression. They also con- 
stitute distributed loads on the core. In these investigations, 
the displacements of faces and core at the interface are equated. 
In calculating the displacements of the core the fact that the core 
is also under compression has been disregarded. When the 
Young’s modulus of the core is relatively small, a case of practical 
interest, the compressive stress in the core is also relatively small. 
But the question of whether or not the pre-existing compressive 
stress in the core can be ignored in computing the displacements 
due to the stresses appearing at the interface will depend upon 
whether the core is far from instability or not under its own com- 
pression; and its critical compressive stress will be small if its 
Young’s modulus is small. Evidently the smallness of the 
compressive stress in the core relative to that in the faces is not 
conclusive. 

The usual object of the sandwich construction is to stabilize 
the plates, which are essentially the (compressive) load-bearing 
elements, by holding them at a suitable distance apart by means 
of alight core. The greatest stabilization would be achieved by a 
core stiff enough to cause the sandwich to deform as a homogene- 
ous plate does, i.e., with plane sections remaining plane in bend- 
ing. Then, taking a unit width of plate normal to the paper in 
Fig. 2, the section by a plane such as aa would have a moment of 
inertia !/2 th®. Ignoring the bending stresses in the core, the 
critical thrust for buckling to cylindrical form is given by 
the Euler formula as 

N, = OF 


nle 


where E’ (1 — »,?) is the Young’s modulus of the face material. 
The corresponding critical compressive strain in the faces is 
N,/2tE, or 


The same strain will, of course, exist in the core. 
If now the core without the faces is considered in the same 
way, its critical load per unit width is 


1 


and the critical strain is 
or w*h?/(1 — 


This is only about one third of the critical strain just calculated 
for the two plates constrained to simple bending as a single sec- 
tion. Such behavior of the plates clearly requires the core to be 
at a stress some 3 times its own critical stress and therefore it 
cannot be realized. 

Instead of considering the behavior of the faces as a section 
themselves, we may examine how they behave when part of a 
homogeneous plate of thickness h. The critical strain of such 
a plate is 


This is less than the value given by Equation [2] by a factor */;, 


for when the faces are part of a homogeneous section they are 
subject to forces at their attachment to the rest of the section. 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. ‘ 
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The critical strain of the core by itself is the same as Hquation 
[4] except for the Poisson’s ratio. Thus if the core is to cause 
the faces to act as they would when part of a solid section, it 
must work at its own critical strain. 

The actual state at buckling of a sandwich plate with a core 
of light material will of course be different. In the present in- 
vestigation of it the compressive stress in the core is taken into 
account, the results being applicable to sandwich plates of any 
face-core thickness ratio and any homogeneous isotropic ma- 
terials. 


INITIAL STATE UNDER COMPRESSION 


By “initial state” is meant the compressed state of the sand- 
wich just before buckling. The sandwich is under thrust P 
per unit width (in the z-direction, axes as in Fig. 1) and is taken 
to be in a state of plane strain in the z, 1 plane, as it will be except 
locally at the vertical edges, in accordance with Saint Venant’s 
principle. With subscripts 1 and 2 designating faces and core, 
respectively, continuity of the strain components e,, e:, at an 
interface requires 


\ 
1 1 
E, (oz; — 10) = v2022) 
[5] 
1 l 
— orn) = — | 


Since the stress components oz; and oz, constitute the thrust 2 


and, since the components o., and oy form a zero resultant on 
sections parallel to the z, y plane 


hor2 = 


These four equations yield 


1— Vive + 2rp(1 — pv?) 
4r(1 — mv2) + (1 — 1?) + 4r%o(1 — 
p 
1 
2r(1 — + -(1 — 
4r(1 — v2) + (1 — + 4r2p(1 — »,?) 
p 


EQUATIONS OF FACES 


Fig. 3 represents an element (of unit width) of the left-hand 
face of Fig. 1 after buckling has occurred. It is cut out by 
planes parallel to the y, z plane at z and z + dz in the initial state. 
These sections are regarded as ‘remaining plane and normal to 
the middle surface. The forces exerted by the core are, to the 
first order, p’dz, q’dz, p’ and q’ being interface stress components. 
The thrust in the face is no longer the initial thrust P; (corre- 
sponding to oz;) and is now designated as P; — p,'t. 

The equations of equilibrium are 


| 
dz dx? 
dp,’ 
{12] 
q 


where »; is the deflection of the face in the y direction. 


I 
N2 2 h l 
12 
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In Equation [11] the product has been dropped. The 
Gz" 


buckling under investigation is infinitesimal, that is, the stresses 
and displacements appearing on buckling may be as small as we 


please. We have also 
{13} 
These equations yield 
dy, dv, t dq’ 
‘dx? 2 dz 


Since the modes of deformation to be considered are either 
symmetrical or antisymmetrical with respect to the middle plane 
(xz, 2) of the sandwich, it is not necessary to consider the other face 
separately. 
= V sin ag, p’ = psin az, q’ = cos az, p;’ = 
giving Equations [12] and [14] the forms 


Since they are also to be sinusoidal in z, we write 
Pr Sin az, 


q—atp, = 0 . [12a] 
at 
+ p t+ 


(Dyat 


EQUATIONS OF CorRE, ANTISYMMETRICAL DEFORMATION 


The mode of buckling deformation is now taken to be anti- 
symmetrical with respect to the z, z plane, that is, the displace- 


q 
| 
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The 
normal stress components are then odd in y, and the shearing 
component of the type r 


ment component v is even in y, the component u odd in y. 


zy isevenin y. This is the case in the 
simple flexural buckling of a homogeneous section. Here, how- 
ever, it is not appropriate to assume that the deformation of the 
core is like that of simple bending. For instance, if the core is 
very light and flexible it exerts very little restraint on the faces, 
and they buckle virtually as two independent sheets, Fig. 5. 
Then the core is stretched on the left and contracted on the right 
to conform to the faces. These are exactly the opposites of the 
strains produced by simple bending of the core in a similar state 
of over-all deformation. 

In the ‘eylindrical” bending of a sandwich, as in a homogene- 
ous plate, the displacement w is zero except in the local zone at 
the free vertical edges, and u, v are independent of z. The def- 
ormation is thus one of plane strain. General equations of 
equilibrium for a solid slightly deformed from a state of initial 
stress have been derived in a form suitable for the present pur- 
pose by Biezeno and Hencky (3) and by Biot (4). The initial 
stress in the core has uniform components oz2, ¢,2, the other com- 
ponents being zero. In the buckled state the stress and strain 
are referred to axes which have rotated with the material, as 
defined by the authors quoted. The stress components are 
written S,, + 8, ete., S,, + ete., where S,,..., S,,..., 
are the components of initial stress. For uniform initial stress 
and no body force the equations (Biot)* are three of the type 


Ox oy Oz Oy Or Oz 
Ow Ow, Ow Ow 
- S,2) ¥ 282 — — 
oz ox oy Oy oz 
=0 [15] 


where w,, wy, #, are the components of the rotation, 4/2 curl (u, », 
w). 
In the present problem 


S,, = 022, Sy, = 0, Si. = on, = Sys = Sez = 0 


Also, since the displacement u, v, w is plane strain a, = w, = 0, 
and w, is independent of z. The three equations of the type of 
Equation [15] reduce to 


4 OSi2 OSi3 Ow, [16] 

Or OV Oz 
O89» + OS23 + Ow, 0 

oy oz Ox Ox 

ds: os Os: 


oz Or- oy 


The stress components s;; are related to the displacement by 


Hooke’s law, that is, by three equations of the type 


sy = + €22) 2Gen Cees {19] 


and three of the type 


where en, etc., are Ou/ Oz, etc., is !/2(0v/ Ox + Ou/ dy), to the 
first order, and \, G are the Lamé constants of the core. Substi- 
tution of Equations [19] and [20] in [16] and [17] yields 


2 2 Oe Ow 
dy? 


. (21 
oz? Dy 


3 Reference (4a), Equation 4.7, p. 484. 
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where 


e = dv/dy, = Ox — du/dy) 


and a is written for — oz. Equation [18] is satisfied identically 
on account of the plane strain. 

The boundary conditions associated with the equations of the 
type of Equation [15] are three of the type 


Sf, = + 828 + + (Siw, — 
+ (S,goy — Syyw,)8 + (S,0y — Sy eo.) 7 
+ + + SeylCcs + 
+ Srslss + lyy)¥ — + 
— (Seeley + — + Srylys)¥ 


where Af, is the z-component of boundary force, accompanying 
the displacement u, v, w, per unit area (before deformation), and 
a, 8, y are the direction cosines of the normal to the boundary 
element; e,,, etc., are 0u/Odz, etc., and e,,, ete., are + 
du/ dy), etc., being identical with en..., e2..., to the first order. 
For the core face y = h/2, a = y = 0, 8 = 1, and the first bound- 
ary condition reduces to 


Af, = 82 + 
or 
Af, = (1 + [23] 
The second boundary condition reduces to 


and the third to 
Af, = 823 


The values of Af,, Af, and Af, required at the interface are 
q’, p’, and0. The third boundary condition is identically satis- 
fied, and the first two become 


[25] 


q’ = S12, 


neglecting ¢/2G in comparison with unity. 
The problem of the core is thus to obtain a solution of Equations 
[21] and [22], satisfying conditions [25]. It must also satisfy the 


conditions of continuity of displacement at the interface. The 
displacement v must be the deflection v; of the face. The dis- 
placement w is already taken as zero in both core and face. The 


remaining condition is continuity of strain in the z-direction be- 
tween core and face. In the investigations of Gough, Elam, and 
de Bruyne (1) and of Hoff and Mautner (2), the displacement u 
is taken as zero at the interface, on the ground that the deforma- 
tion of the face is preponderantly the deflection v;. This as- 
sumption is of doubtful value here for several reasons. It does 
not simplify the calculations much and it is not correct in the 
limiting case, useful as a check, when the thickness of face, or 
the Young’s modulus of the face, goes to zero, and only the core 
is left. For then the core buckles in the Euler manner. The dis- 


placement u at the face is then small, it is true, but the implied 
imposition of a constraint to make it zero is not unimportant. 
In fact, in the work of Gough, Elam, and de Bruyne it leads to 
the conclusion that the critical stress for infinite wave length is 
not zero and invalidates their results for long wave lengths. It 
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may easily be seen that if plane sections remain plane, as of 
course they do to an adequate approximation in the buckling 
of the core alone when the wave length is several times the 
thickness, such a constraint introduces complete stabilization. 


SrInusOIDAL DEFORMATION 
The Equations [21] and [22] are satisfied by 


u = cos az[A sinh ay + Ck(1 — 8) sinh kay]...... [26] 
v = sin az[A cosh ay + C(1 — k*8) cosh kay}...... [27] 
1—s 
where a, A, C are as yet arbitrary, and k? = ——,, 8 =- (1 +s), 
1+s 
s = y=2+ The wave length of the def- 


ormation, 2x/a, will be kept arbitrary, and a critical value of s 
determined to correspond to it. Simple sinusoidal modes of 
buckling are to be expected, as counterparts of the modes 
of the homogeneous plate, but the existence of other modes for 
the sandwich plate remains an open question. 

The solution in Equations [26] and [27] can be used directly in 
conjunction with Equations [19], [20], [25], [14], and the condi- 
tions of continuity of displacement at the interface to establish 
the condition for the critical load as a transcendental equation, 
This equation is very intractable and a different procedure is 
followed which results in an explicit formula for the critical load. 


Limit oF SINUSOIDAL CoRE DISPLACEMENTS FOR 


Whens = 0 (i.e., ¢ = 0) Equations [21] and [22] reduce 
to those of ordinary plane strain in the elastie solid free from 
initial stress. The sinusoidal solution is 


u = cos ar(A’ sinh ay + C’ay cosh ay)... {28} 
+ 1 
v = sin ax — C’ cosh ay + C’ay sinh | 
[29] 


with A’ and C’ arbitrary. 
But taking the solution Equations [26] and [27] in the limit 
s—> 0, we have k > 1, 8 > 1/7 and, in the limit 


u = COS a& [4 sinh ay + o(1 +) sinh | ... (30) 


v = sin at [4 cosh ay + C (1 cosh |. 


These agree with Equations [28] and [29] only for the special 
case C’ = 0. The discrepancy arises from the fact that in a 
completely defined problem A*and C in Equations [26] and [27] 
would be determined from boundary conditions and would 
emerge as functions of k and 8. It is to be expected therefore 


that A and C must be involved in the limiting process. Write 
1 1 
k=1 = 1] — - 
+1 s+ 
Then Equation [26] may be expanded as 
2 2 
u = cos at [A + Ck(1 — 8)] sinh ay + — 


ntaty* 
4! 


3 3 
+ sinh ay + — neu + + 


cosh ay 


8g 

oy dv de Ows 
G + + dA) — =0..... [22] 
oz oy oy ox 

; 

tat 

va 
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Let 
Ck(l1— 8)n = C’ and A+Ck(1— 8) =A’........ [32] 
Then 


u = COS ax a sinh ay + C’ay cosh ay 


| sinh ay 


+ C’ E wt [33] 
If the limiting process is carried out with C + ©, A — o in 
such a way that C’, A’ remain finite, the limiting form of Equa- 
tion [33] is [28], anu the limiting form of Equation [27] will be 
shown later to be [29]. 

Now the conditions under which Equations [26] and [27] are 
to be used involve small values of s and therefore the appro- 
priate values of A and C are likely to be very large. It becomes 
advantageous to employ the constants A’ and C’ which do not 
tend to infinity in the limiting case. 


SINUSOIDAL DEFORMATION FOR SMALL $ 


In the application of the present theory the quantity s will be 
of the order of the allowable strains, say,5 X 107-% We retain 
terms up to and including s?, and it will be seen in the result 
that this is adequate. 

Replacing n by its expansion in terms of s, we have from Equa- 
tion [33] 


1 1 
u = COS ak sinh ay + C’ E cosh ay + (— s+ 


1 
a*y? sinh ay + cosh | 


The expansion of Equation [27] in powers of 7 is 


v = sin az + ca (1 +o 


3,,3 
cosh ay + C(1 — (nau +3 sinh cut [85] 


Now, in accordance with Equation [32] 
1 — k*8 
k(1 — 8) 


This can be expanded in powers of s, with the result 


C(L — k*8)n = C’ 


Od 2 3 
[36] 
The combination A + C(1 — k*8) has the value 
Cc’ ¥+1 


373 — 777 + Ty +1 


and on expansion of 1/7 in powers of s this becomes 


+1. x(37? — 6y + 7) 
ar—or + s+ 
iF 
On substitution of these developments in Equation [35], and 
expansion of 7, Equation [35] becomes 
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sin ax {| 4 8 


s?+ ...})]cosh ay+C 


ay sinh ay 


1 


The limiting forms of Equations [34] and [37] as S — 0 agree 
with Equations [28] and [29]. The results, Equations [34] 
and [37], can also be obtained directly from the differential 
Equations [21] and [22], dividing them through by 2G, replacing 
by s, taking u = Duns", v = and equating the co- 
efficients of each s” to zero. 


Critica ConpITION From SMALL s SOLUTION 


Writing 
1 +1 (y +1) 
3y? — 6y + 7) 
4 2 | 
138) 


the values of 82.2 = p sin az and 82. = g cos az are computed, by 
formulas of the types of Equations [19] and [20], from Equa- 
tions [34] and [87] and yield 
p = A’.2Ga sinh + C’a{A[(ss — 83) sinh + (s5 + 2s 

— l)ecosh + (s, + 38; — 3,)e* sinh €] + 2G[(s; — 33) sinh e 
+ (2s, + cosh + (84 + 382)e? sinh € + cosh . [39] 


q = Ga{2A’ cosh e + C’[(1 — 83) cosh e + (1 + 2% 


+ ss)esinh + + 382 + s,)e? cosh € + sinh e}} [40] 
The value of V (defined by “A* V sin az) is from Equa- 


tion [37] 


V = A’ cosh e + C’(— 83 cosh + sinh + cosh 
[41] 


On substitution from these in Equation [14a] (with », =v ,_4) 
2 


(Diet — Pya?){A’ cosh + C’(— 83 cosh + sinh 

+ se? cosh + sinh + A’(2Gae sinh + cosh 
+ C’a{d[(ss — 83) sinh + (85 + 28, — cosh + (% + 
— s)e?sinh e] + 2G[(ss — 83) sinh + (284 + cosh + (8 
+ 3s2)e?sinh + cosh e] + G- [(1 — 83) cosh + (1 + 2s, 


+ sinh + (s; + 3s: + cosh + 2e¢*sinh = 0 
Dividing by aG, writing 


«ss 
G 12(1 — »,2)4 
and 
Pia 
= = CoS 


G G 


= 

| 
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where 
= 2at + 2rp( v2?) 
Or2 1 
2r(1 — v2) + - (1 — »,2) 


p 
we have 


(cyr3e8 — cosh + 2 sinh + 2re cosh e} + C’ { 
— ¢2s)(— 83 cosh e + sse sinh € + sye? cosh € + se? sinh e) 

+ (ss — 83) sinh e + [y(s; + 284) — y + 2 + r(1 —s33) Je cosh € 
+ [y(sa + 382) — (y — + r(1 + 28; + 8;) Je? sinh 

+ [282 + + 33: + 84) Je? cosh € + 2rsye4 sinh e} = 0... [42] 


Sontinuity of stress and of the displacement v is assured by 
Equation [42]. In addition, the displacement u is to be continu- 
ous at the interface. This condition may equally well be taken 
as continuity of the strain e,. In the face there is strain 


1 
3! d*v,/dz? at the interface due to bending. This is, however, 


not an adequate representation of the strain if the analysis is to 
be valid for all values of face and core moduli. For when the 
face and core are of the same material the plate will buckle 
in the Euler fashion, plane sections remaining plane. The state 
of the face (a thin surface skin) is then predominantly one of 
tension or compression, rather than bending with a neutral sur- 
face at mid-thickness (of the face). The strain in the face is 
therefore taken as due to both bending and direct stress (p,’), 
and the continuity of ez at the interface is expressed by 


re) 
(43] 
Or /y=h/2 


where Equation [12a] has been employed, and the term on the 
right refers to the core. By means of Equations [41], [40], 
and [34], Equation [43] becomes after some rearrangement 


1 — q’ 


at 


A’(2 cosh + 3cyre sinh — cosh 
+ ott — $3) cosh e + (1 + 28; + 85)e sinh e 
+ (8; + 352 + sy + + 3cir*s3)e? cosh 


+ + — sinh « 


+ (8cirs, — 3cr2sy)e4 cosh € — sinh {44] 
Equations [44] and [42] are rewritten in the form 


A’(xs — caxes) + C’[ (x2 — ¢28)(xs + x08 + + xu + 


and the x’s, which can be computed from Equation [38], are 


Xn = Va tarey,’, n = 1,2,3,4 
xs = vse + 

xs = Yo 

xr = 


x8, X9, Xi0 = Wa, Yo, Vio 


Xu, Xis = Yue, Vise, ise 


where 


= 2 cosh €, = 


: (sinh ¢ — re cosh e) 
€ 
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9 
=— cosh + 2e sinh 
y,’ = 3 +r +) cosh re sinh 
y¥—1 
1 2 
=— cosh + i e sinh —— cosh e 
1) + 1 
= 3 + — cosh -( + ) « sinh € 
2 y¥—1 
l 
+ -re® coshe 
2 f 
— 6y + 7) 1 (y + 1)? 
= — De cosh + G sinh 
3 +3 
+ (; cosh + 3 sinh e 
(3+? —6 7) 3 1)2 
2(¥ — 1) 4 2(y¥ — 1)? 
1 1 l 
v% = (sinh « + re cosh e v;' = ve = coshe 
€ 
l 
y¥—1 
1) l 
vty + cosh « + e sinh — e? cosh 
(y — 1)? ya 2 
37? — 6 7) 1)? 
ve = — cosh + ——esinhe 
2(7 — 1)8 2(y¥ — 1)? 
3 1 
2 sink 2 
= — + (2 cosh + 2re sinh 
y—l1 y¥—1 
sinl 
(y 1)? 1 ¥—1 
2r 
— e sinh re? cosh 
y¥—1 
(y + 1)? y(3y? — 6y + 7) \sinh e 
2(7¥ — 1)? — 1)3 € 
| (y + 1)? ) ¥(By? — by £2) 


Functions @ and ¢ being defined by ® 


| 
cosh e (y ) 


+r + 7 — e sinh + E 


r . 
cosh + 3 sinh ¢ 


9 
— — (sinh 2e — 2e) 


= 


4 
t d V1 
@ 
| 
+ 3 
4 4(y 1) 
— 
ae 
— 


GOODIER 


(sinh? y cosh? e) 
1 
the following useful relations may be established 
vivir Vive = Yds — = 


The y’s, 0, and ¢ are all chosen so that their expansions as power 
series in ¢ begin with terms of order 1. 

The condition that Equations [44a] and [42a] should permit 
nonzero values of A’ and C’ vields an equation for the critical 


value of s 
s* + 7X9 + X12 


E + 
Xi 
X5X2 


‘The term in s* is disregarded, being incomplete because powers of 
s beyond s*? were not retained in Equations [34] and [37]. The 
values of € to be expected in practical problems are such that the 
coefficients of s? 


X6X3 


XoXs X6X2 


. [45] 


x1 


and s in Equation [45] are of the same order of 
On the other hand s, being the eritical stress in the 
core divided by twice the shear modulus of the core, is necessarily 
small, of the order of the compressive strain in core and faces at 
the critical load. A reasonable upper limit for this is 5 & 107% 
adequate approximation to the critical value 
of s may be obtained from Equation [45] by discarding the term 


magnitude. 


Consequently, an 


in s*, On introducing the functions y, 6, ¢, the solution is found 
as 
@ + Yov2) + care — bie 
+ r2(Ws'bs — Pio) — — 


LIMITING CASES 


If E; —~ 0 we have in the limit a core with faces of vanishing 
stiffness which have ceased to exert any constraint on the core. 
The corresponding limiting value of Equation [46] (c, —~ 0, 
c,’ — 0) should lead to the Euler value for cylindrical buckling 
of the core alone. The limiting value obtained is 


sinh 2e - — Qe 


‘cosh? sinh? ¢) €) 


This can be small only if € is small, that is, if the wave length of 
the buckling deformation is many times the thickness. On ex- 
pansion in powers of e? the leading term is e?/[8(1 — v)] which 
is the Euler value. 

If r—> 0, but EZ; is left unrestricted, we should again expect the 
same result and it is in fact obtained from Equation [46]. 

The limit of Equation [46] for long wave lengths (e —~ 0) may 
be obtained by expanding the 6, ¢, ¥ functions in powers of e? and 
so reducing Equation [46] is a power series in e®. The leading 
term of this expansion is 


1 


Thy 
—— + 3 + Gr + 
—a 


— 2rp(l — 
1 — + 2rp(1 — 


1 + 2rp ! 


This, however, is exactly the result obtained by a simple direct 
calculation based upon the assumption that plane sections re- 
main plane, using the straightforward flexural rigidity of the 
composite section in the Euler formula. We have therefore es- 
tablished that the sandwich plate, no matter how deformable the 
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core is, will always buckle in the “ 
manner for a sufficiently long wave length. In fact, however, 
the wave length for a very deformable core will be that of short 
corrugation and will not be determined by the distance between 
supports. The present result contrasts with the conclusion by 
Gough, Elam, and de Bruyne that the critical stress for long 
wave lengths 0) approaches a nonzero limit.‘ 

The Equations [34] and [37] for the displacements in the core 
take into account the destabilizing effect of the compressive stress 
in the core. If this effect is disregarded,® we put s = 0 in 8, 82, 
S83, 84, and s;, and the resulting expressions are simply those of 
plane strain in the core. The effect of this in Equations [44a] 
and [42a] is the disappearance of the terms in x3, x4, x9, 10, X12, 
x1. The effect on Equation [46] is to leave the numerator un- 
changed, and to change the denominator to 


+ cyrePce’r — Woe’)... [: 


plane sections remain plane”’ 


— 


The question arises as to whether the change is important or not. 
This depends upon the magnitude of [47], relative to that of the 
other terms in the denominator of Equation [46], which are 


+ — + — vis) 


Now ¢ and c2’ are of the same order of magnitude as p, the ratio 
of the Young’s moduli of face and core. Taking the y, 6, @ 
functions as of the same order of magnitude, it is elear that 
[48] will be small compared with [47] only if r%e? is small com- 
pared with 1. If the faces are thin, r is small, but the buckling 
is then likely to take the form of corrugations of 
short wave length and so rather large «. When the 
wave length is equal to the core thickness, the value 
of eis Numerical evaluation of Equation [46] 
will show the range of validity of the method 
adopted by Gough, Elam, and de Bruyne and Hoff and Mautner 
for very deformable cores. At the other extreme it will show 
what range of core stiffnesses will cause the sandwich to buckle 
in a “plane sections remain plane” fashion to a given approxi- 
mation. 


¥s'b2') | 


[46] 
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Addendum 


In deriving the boundary conditions [25] for the core the quan- 
tity ¢/2G (= s) was neglected in comparison with unity. From 
the physical point of view it appears unlikely that the stability 
criterion can be significantly affected by so small a change in the 
boundary forces of the core—or the faces. From the mathemati- 
cal point of view the change is open to objection, since it does af- 
fect the coefficients of s and s? derived subsequently, and the 


final formula [46] obtained for the critical value of s. The re- 
quired changes in the calculations follow. 
The boundary conditions [25] become 
q’ = (1 + s)si2, p’ = (25c] 


Thus Equation [39] remains unchanged but the right hand side 
of Equation [40] must be multiplied by 1 + s. 
Equation [42] now becomes 
A’{ (cyr%e3 — cs) cosh ¢« + 2 sinh e + (1 + 8) 2re cosh e} 
(cyr3e3 — c2s)(— 83 cosh € + sse sinh € + sye? cosh « 
+ see? sinh €) + y(s; — 83) sinh e + [y(s; + 28,4) — y + 2 
+ r(1 + s)(1 — 83)] € cosh + [y(s4 + 332) — (y — 2), 
+ r(1 + s)(1 + 2s; + 85) Je? sinh € + [2s2 + r(1 + 8) 
(81 + 382 + 8) Je? cosh + 2r(1 + s)s2e4sinh e} = 0... . [42c] 


and Equation [44] becomes 


A'{2(1 + 8s) cosh + 3qr sinh — cosh e} 
+ C’{(1 + s)(1 — 83) cosh e + (1 + 8)(1 + 28, + 85) e sinh e 
+([(1 + s)(s1 + 382 + 84) + + Je? cosh € 
+ [2(1 + + 3c,rs; — Je* sinh + — 3c,r2s,] e4 cosh 


These equations can be written in the form (replacing Equa- 
tions [44a] and [42a]}) 


A'(x1 + 2x08) + C’(x2 + + x08?) = [44ac] 
A’[xs + xe(2re — ce)s] + C’[(xz — ¢28)(xs + x08 + x08") + xn 


The definitions of the functions x in terms of the functions y, y’ 
are unchanged. The definitions of the functions y’ are un- 
changed. The definitions of the functions y are unchanged ex- 
cept as follows: 


JOURNAL OF APPLIED MECHANICS 


DECEMBER, 1946 


cosh ¢ + 2e sinh e 


2 
¥3 : Add — — 


1 2 
: Add — vy + 1) cosh + - sinh — cosh 
vie : Add r i cosh + 2e sinh 
v(y + 1) 
vis : Add r G—D? cosh + e sinh e 


cosh 


Equation [45] for the critical value of s is now replaced by one 
derived from Equations [44ac] and [42ac]. The coefficient of s? 
is changed by the addition of 


X6 
(x7x9 + x12 — C2xs) 2re 
Xi xi 


The term independent of s remains the same, both in form and in 
the definitions of the x-functions. The changes in the coefficient 
of s may be seen from the final equation for s obtained by dis- 
carding the term in s*. This is 


x2x6(2re — C2) 
xaxs} 8 [46c} 


{ xi + x12 — C2x8) + 2x6(x7xs + 


This result has been checked for the limiting cases considered in 
the paper. It satisfies them all. In the first result given under 
“Limiting Cases”, to the term e(y cosh? e — sinh? e) appearing in 
the denominator, the term —('/2)(y — 1)(sinh 2e — 2e) must 
be added. Since this term is of order e? it does not alter the con- 
clusion. 

Two further checks are possible, and are met by Equation 
[46c]. One is the limiting case h ~ 0, so that the sandwich re- 
duces to a plate of the face material of thickness 2¢. The limit- 
ing form of Equation [46c] vields the required Euler result for 
long wave lengths. The other is the limiting case E,; — 0, so 
that the sandwich reduces to two independent plates (the faces) 
of thickness t. The limiting form of Equation [46c] again yields 
the required Euler result for long wave lengths. Here the expan- 
sion in powers of e? is made (to obtain the leading term) after pass- 
ing to the limit as FE, — 0. 
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General Stress-Strain Laws of Elasticity 
and Plasticity 


By A. GLEYZAL,' WASHINGTON, D. C. 


The stress-strain laws discussed in this paper apply to 
problems where the material is elastic in some regions and 
plastic in others, for example, in a plastic-torsion problem 
or in a plastic-bending problem. These laws have experi- 
mental! verification for metals in cases where strains are 
small and stresses and strains are either monotonically 
increasing or monotonically decreasing at any one point. 


INTRODUCTION 


HE laws to be considered are of the same form as the laws of 

elasticity. It is sometimes possible in a given plasticity 

problem to write down immediately the equations for the 
problem by merely referring to already known equations for 
the problem in the elastic case. Of course, account must be taken 
of the fact that the elastic constants are replaced by quantities 
which are functions of the strains. 

The laws may be written in tensor form and apply to finite 
strains if the strain components of finite strain are defined in such 
a way that they form a tensor. For infinitesimal or finite strains 
the axes of principal stress coincide with the axes of principal 
strain. The stresses according to these laws depend upon the 
final strains alone and not upon the ‘“‘strain path.” 

These laws for finite strains are therefore of simple nature. 
The extent of their validity would, however, require experimental 
determination for any given material. 


Tue GENERAL STRESS-STRAIN LAW 


The general laws we shall consider for elasticity and plasticity 
are 


[1a] 


where, by definition 


r= V (01 — 02)? + (02 — + (0s [2a] | 


; V (a €2)? + — €3)? €)?. [2b]? 
+ 
| 


1 


/ 


01, 02, 63, and €2, €; are principal stresses and strains, respectively, 
whose axes are assumed to coincide at each point of the material. 


1 David Taylor Model Basin, Navy Department. 

2 Employment of '/s or */s as coefficient in the expression for y 
depends on the choice of definition of shear strain. For this re- 
port we have used !/3. 

Presented at the National Meeting of the Applied Mechanics 
Division, Buffalo, N. Y., June 21-22, 1946, of Tae AMERICAN Society 
OF MECHANICAL ENGINEERS. 


Later these equations will be expressed in general tensor form and 
this requirement on the principal axes will be a consequence of the 
tensor equations. The terms r(7y) and o(6) are functions associ- 
ated with the material, the same for all types of deformation, pro- 
vided that all strains are either monotonically increasing or mono- 
tonically decreasing. 

Nadai (1)? has shown that for small strains, r and y as just 
given are, respectively, the shear stress and shear strain in an 
octahedral plane, i.e., a plane making equal angles with each 
of the three principal directions of stress. 

The first and second of Equations [1] have been considered by 
Nadai (2) and subjected to experimental verification by Schmidt 
(3) and Davis (4). The third law is a new plasticity law which 
we consider in conjunction with the other two plasticity laws in 
this paper. It may be stated as follows: The average stress o at 
a point is an invariant function of the average strain 6 at the 
point for a given material. 


IMPLICATIONS AND DEVELOPMENT 


Equations [1] are three equations in the three principal stresses 
and three principal strains. They may be solved for the principal 
stresses in terms of the principal strains as follows: Let \ be the 
ratio 


€3 — 


Multiplying both members of Equation [25] by \ there is found, 
using Equation [2a] 


A = 


Equation [la] may then be rewritten 


| 
| 
= 


Using the first two of Equations [3], we get by subtraction 


o, + o3 — = = & + — 2e) 
Y 
or 
+ o2 + 30; = (a 


Therefore 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1947, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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o2 = -(e—sd)+a 
This equation may also be written 


T o T 
Two similar equations exist for o; and o;. Thus when the two 
invariant functions ¢ = o(5) and r = r(y) are known, the follow- 
ing equations give the principal stresses in terms of prineipal 


strains only 
T i ) 
Y 


T 

Y 6 

T 


We now write these laws in tensor form in order to facilitate 
their use in non-Cartesian co-ordinate systems and to remove the 
possibility of ambiguity of their meaning. After the laws have 
been so written we shall return again to the Cartesian notation. 

It follows from Equations [2] and [4] and the requirement that 
the principal axes of stress coincide with those of principal strain 
that the general tensor equation is referred to an arbitrarily chosen 
curvilinear system of co-ordinates 2x", i = 1, 2, 3, is 


§ 


) (i, 7 2, 3) 


where o,; is the stress tensor, and the quantities ¢;;, g;;, 0, 6, 7 
and y are defined as follows: 

A definition of a strain tensor e;; which has a clear meaning for 
finite strains as well as infinitesimal strains is obtained by setting 
= (*/2) (gj — hij), where the co-ordinate system =1,2,3, 
is considered to remain embedded in the material as it deforms 
and the two tensors h;; and g,;; are the coefficients of the funda- 
mental tensor in the x’ co-ordinate system before and after def- 
ormation, respectively. That is, the square of the differential 
of are length before deformation is 


ds? = (i,j = 1, 2, 3) 
ji 


and after deformation is 


= gi; dx‘ dz’, (i,j = 1, 2, 3) 
4 


The invariant quantities o, 5, 7, and y for the general co-ordi- 
nate system 2‘ are 


1 
- (i, 7 = 1, 2, 3) 
35 
1 
= (i,j = 1, 2, 3) 
1 
1) 
3 
(z z (i, k, l i, 2, 3) 
1 ij kl 


k 

where the contravariant tensor g” is computed from the values 

of g,; by solving the following system of nine linear equations. 
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= (i, 9, = 1, 2, 3) 
6, in this equation is the ‘“Aronecker delta,” that is, &, = 0 
ift +kands, = lift =k. 


Equation [5] implies that at all times the principal axes of 
stress coincide with those of finite strain. 

These equations are similar to the elasticity equations and sug- 
gest the following equations to be satisfied by generalized quan- 
tities / and v, where F is Young’s modulus and » is Poisson’s 
ratio 


In the elastic range, when / and » are constant, the expression 
re is the bulk modulus of elasticity as would be expected; 
3 (1— 2») 
the quantity F/(1 + v) may be termed the octahedral-shear 
modulus. 

We may solve Equations [6] for F and r in terms of 7, y, 7, and 
6; there results 


T | 
3 - 
o 

| 
2+-- 
oY 


Consequently the general stress-strain relations are given either 
by Equations [4] or by the following equation of familiar form 


| 


= 
= (.. + — a) \ . [8] 
l+p 2v | 
E v 


where A = 36, E and v are defined by Equations [7], and r(y) and 
a(5) are considered to be known functions which for our purposes 
define the material. 

Since 7 and o are functions of y and 4, respectively, E and » 
may each be regarded as functions of the three principal strains 
«1, only. FE and » then may also be considered to be the 
fundamental functions which describe the material, in place of 
r(y) and 

A step in the direction of generalization would be to assume at 
the start of a theory that the two functions 


t(y, 


and 
o = o(y, 4) 


are functions of + and 6, instead of y alone or of 5 alone. In view 
of experimental evidence one may go, rather, in the direction of 
particularization and consider that (6) is the linear function 
3k6, where the constant k is the bulk modulus of elasticity for the 
material. That the same value of k is also reasonably valid in 
the plastic range has been verified experimentally for a number of 
materials in the case of compression (5, 6). Equations [7] show 


that if ¢ = 3ké, then FE and » do not depend on 6 but only on v. 


) 
1+ yp» ¥ | 
E v l/o r\ |} 

1+»v1— 2p 3 \6 y/ } 

(5) 

A 
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Equionsat [8] may be solved for the strains giving strains are o, = p, 02 = p, o3 = p, ae: = p/3k, e = p/3k,e = 
p/3k. Hence the observed quantities in the repeated test after 
= lo, v (og + | compression are = — P, = P, =~ a = 
— p/3k, = e — p/3k, = es — p/3k. These stresses and 
1 strains are identical with those of the original test. 
v (os + When the shear strains are small Equations [1], [8], or [9] are 
, | the laws of elasticity even though the principal strains may be 
l a a large, as when a high hydrostatie pressure is applied. When the 
3 E 3 1 2) 
If v is taken to be '/: in these equations it is seen that the mean = . = 
strain 5 = (e; + + isidentically zero. FIG. 2 FOR MEDIUM 
If it is assumed that 6 = 0, Equations [1] reduce to certain well- pA STEEL 
known laws of plasticity (1, 2). Thus Equations [4] or [9] in- ~ - 
clude simultaneously both these plasticity laws and the ordinary E AND 'Y pee - DATA 
elasticity equations.‘ COMPUTED FROK 
It is interesting to note that Equations {1] imply, when ¢ = w 35x10° OBTAINED IN A pdaie he 
3k6, that different hydrostatic pressures p applied to a solid do not = TEST BY THE os 
change the relationship of the increments of stress, — p, — 30 E=0,/€, 
p, p and strain, — p/3k, e — p/3k, — p/3k. In other vy: Be -0-/9k) 
words, suppose stress-strain measurements in the elastic or plastic __— 
range are made upon a solid under ordinary atmospheric pressure. 25x10 Or = (1+€,) 
Then imagine the entire test laboratory to be put under high od " 
atmospheric pressure and the test repeated. The observed rn WHERE 
stresses and strains will have, according to Equations [1], the E=GENERALIZED YOUNGS 
same relation in the second test as in the first test. To prove a MODULUS 
this statement we need merely note that if o1, 02, 03; €1, €2, €s, Sat- = 15 xlo® L=LOAD 
isfy Equations [1] with ¢ = 3ké, then the quantities 2 €,= STRAIN 
- - =z k =BULK MODULUS - 
also satisfy Equations [1], with ¢ = 3ké, for all values of p. Ww te 
After compression of the entire test laboratory the stresses and 
J 125 150 
‘It is not possible to solve for stresses in terms of strain if 6 is o 2 a ae 
taken to be zero, since the stresses are then determined only up to an Y = OCTAHEDRAL SHEAR STRAIN 
additive quantity which may be taken to be the hydrostatic stress. Fic. 2 
07S 125 _175 025 050 075 100 125 150 175 
50 | 
> | 48 +——+ 
| 
‘ 46 POISSON'S RATIO FOR 
| FIG 1- TY) FOR MEDIUM STEEL 
Y ‘ | MEDIUM STEEL — 44 v AND Y WERE COMPUTED 
T AND WERE FROM DATA OBTAINED 
30,000}— COMPUTED FROM DATA IN A TENSILE TEST BY 
o | OBTAINED IN A TENSILE ’ 4e THE FORMULAS 
25,000}— BY THE FORMULAS v 
10,000 WHERE L=LOAD_ €,=STRAIN 34 Y=OCTAHEDRAL SHEAR 
Ags ORIGINAL AREA STRAIN 
" 5000 k =BULK MODULUS = 24x IO®LBS/IN? L=LOAD 
32 AotORIGINAL AREA 
| | k=BULK MODULUS = 
0-025 050 075 100 125 150 175 30 
+) = OCTAHEDRAL SHEAR STRAIN O 025 050 075 100 125 J150 175 


Fia. 1 


Y= 


OCTAHEDRAL SHEAR STRAIN 
Fie. 3 


as 
+ 

% 


A-264 


shear strains are large these equations are very nearly the plas- 
ticity equations written in the foregoing. These facts correspond 
to the known properties of a material such as steel in its elastic 
and plastic behavior under ordinary or under high pressures. 


t(y) AND o(5) IN TerMs OF QUANTITIES MEASURED IN A TENSILE 
TEsT 


To complete the theory of this paper we write equations for 
the two invariant functions 7(y) and o(6) in terms of quantities 
measured in a tensile test. Let o1, o2 = 0, og = 0, be the stresses 
and ¢€,, €2 = ¢;, be the strains in a tensile test. In elasticity theory 
it is known that 

E on o;/€ 
and 
y= 


But these equations apply equally well in the present theory since 
they may be derived from the general stress-strain relations, 
Equations [8]. 

Thus E£ is the slope of the line joining a point on the uniaxial 
stress-strain curve to the origin. The quantity » is Poisson’s 
ratio (5) and should be expected to vary between its value of 
approximately 0.3 in the elastic range and its approximate value 
0.5 in the plastic range. 

If the function o(5) is taken to be 3k5 the parametric equations 
for E and » in terms of o, and e, may be found as follows: The 
equation o = 3ké implies for the tensile specimen 


o, = 3k (a + 2e) 


therefore 

Consequently the parametric equations for Z and » are 

E= 


JOURNAL OF APPLIED MECHANICS 


DECEMBER, 1946 


As ¢, increases, o;/¢, becomes small in comparison with k and as 
a consequence v approaches 1/2 as expected. Equations [2] for 
rand y imply for the tensile test 


V2 


Making use of Equations [8], the parametric equations for 
7 and y are found to be 


2 


The term 5 becomes negligible in comparison with as 


increases, but is appreciable for ¢; in the elastic range. Inclusion 
of this term in the equation for y is therefore of some importance 
in a tensile-test determination of r(y) for ranges which include 
the elestic range. 

Fig. 1 shows a graph of +(y) for medium steel computed from 
results of a tensile test where we have assumed k = 24 X 10 psi. 
Figs. 2 and 3 show £ and » corresponding to this r(y) for the 
case where ¢ = 3ké. 
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Supersonic Nozzle Design 


By A. E. PUCKETT,! PASADENA, CALIF. 


A two-dimensional flow field in which the velocity is 
everywhere supersonic can always be represented approxi- 
mately by a number of small adjacent quadrilateral flow 
fields in each of which the velocity and pressure are con- 
stant. ‘These quadrilaterals must be separated by lines 
representing waves in the flow; changes in velocity and 
pressure through any wave can be computed. By increas- 
ing the number of small areas into which the complete 
flow field is divided, the accuracy of this approximate solu- 
tions may be increased without limit. This constitutes 
the ‘‘method of characteristics” solution, which has been 
known for many years. This method may be applied to 
the graphical computation of flow in a supersonic nozzle, 
with the particular aim of producing uniform supersonic 
flow at the end of the nozzle. It is pointed out that sucha 
computation is essentially simple and rapid, and its essen- 
tial features are presented in a form which, it is hoped, 
may be easily applied to engineering problems. 


NOMENCLATURE 


The “method of characteristics” provides a means of computing 
the flow through a given two-dimensional supersonic nozzle. 
It also provides a means of determining the shape of the walls of 
a supersonic nozzle in such a way that the velocity at the end of 
the nozzle is uniform and parallel across the entire section. The 
use of the method of characteristics for this purpose was also de- 
scribed by Prandtl and Busemann, and has been familiar to ero- 
dynamists for some years; it is primarily for the purpose of 
making the technique more accessible to engineers that it is de- 
scribed in the present paper. 

A rigorous mathematical derivation of the method of charac- 
teristics can be given; it can be shown in this way that by taking 
sufficiently small steps in the process, the result may be brought 
arbitrarily close to the exact continuous solution. It is only in 
this sense that the solution is approximate; its error can be made 
as small as desired. It is also possible to deduce the method 
from much more simple physical reasoning; 
pursued in the present paper and, it is hoped, will compensate 
in clarity for any lack of mathematical rigor. 


this course will be 


wave 
The following nomenclature will be used in the paper: a i 
w = velocity of flow 
a = velocity of sound w, 
M = Mach number = w/a 
a* = critical speed of sound Wo 
6 = Prandtl-Mever angle 4 
6, = flow inclination / 
y = ratio of specific heats, C,/C, 777 
A, = nozzle exit area 
{* = nozzle throat area Subsonic Supersonic 
Expansion Expansion 
The computation of exact or nearly exact flows of a frictionless (a) Yee. 1 (0) 


incompressible fluid around general two-dimensional boundaries 
offers problems of some mathematical difficulty. The additional 
condition that the density of the fluid may vary will complicate 
the problem under certain conditions; 
where the velocities in the flow field are everywhere greater than 
the local speed of sound, a fundamental simplication occurs, 
The equations of motion assume such a form that they may be 
solved graphically, in a step-by-step process. This process is 
known to mathematicians as the ‘method of characteristics.” 
It was first applied to supersonic flows by Prandtl and Busemann 
(1)? in 1929 and has been much used since. Although the dis- 
cussion in the present paper is limited to two-dimensional flows, 
a similar but more complicated method has been developed for 
three-dimensional flows, with axial symmetry (2). 


however, in those cases 


1 California Institute of Technology. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Discussion of this paper should be addressed to the Secretary, 
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cepted until January 10, 1947, for publication at alater date. Dis- 
cussion received after the closing date will be returned. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


The basic feature of a supersonic flow which distinguishes it 
from subsonic flow is the fact that a disturbance in the boundary 
of the flow makes its presence known only in roughly one half of 
the total flow field, that is, a disturbance produces a standing 
wave in the flow and the effect of the disturbance is felt only 
downstream of the wave. In Fig. 1(a) is shown the effect of a 
sudden expansion in the wall bounding a subsonic flow; it is 
seen that the effect is propagated symmetrically through the 
whole field. 

The same disturbance in a supersonic flow will produce a stand- 
ing wave, propagating in a downstream direction. In Fig. 1(b) 
is shown the resulting supersonic flow field. The initial velocity 
w;, is undisturbed upstream from the wave and is changed to w2 
on the downstream side. If we thus construct a flow field by 
adding in the effect of one disturbance after another, proceeding 
in a downstream direction, the solution upstream will not be dis- 
turbed. It can be shown that a general supersonic flow field can 
be imagined to consist of an infinite number of such disturbance 
waves. The fundamental idea of the method of characteristics 
is to replace the infinite number of waves by a finite number 
which can then be treated separately. In the areas between 
waves, the velocity magnitude and direction are considered 
constant. Therefore it is necessary to replace the actual bound- 
aries of the flow by approximate boundaries with a finite number 
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of disturbances. In other words, a curved boundary is replaced 
by a number of straight-line segments, with a definite angle be- 
tween each. 


CHANGES THROUGH A SINGLE WAVE 


The only mathematical treatment necessary is the computa- 
tion of the flow changes produced by a single disturbance wave. 
The effect of the wave produced by the wall bend in Fig. 1(0) is 
to deflect the flow through an angle dé. It also produces a change 
in the speed and pressure of the flow, which are determined only 
by dé. These changes may be computed from the simple equa- 
tions of motion for the fluid in differential form. If w, is the 
component of w; normal to the wave, then conservation of mass 
for the flow across the wave requires that 


pw, = (p + dp)(w, + [1] 


or 
w,dp + pdw, = 0 


Let w, be the component of w; parallel to the wave front; then 
conservation of momentum parallel to the wave requires that 


pw,w, = (p + dp)(w, + dw,)(u, + du,)........ [2] 
or 
dw, = 0 


That is, the only velocity increment produced by the wave is 
normal to it. The momentum component normal to the wave 
is conserved if 


| [3] 
Eliminating dw, between Equations [1] and [3] gives 


dp _ 
dp 


w,2 = 


where a is the local speed of sound. 

Thus the velocity component normal to the wave is the speed 
of sound. Use of the energy equation will show that the process 
across the wave is isentropic, and dp/dp is computed using the 
isentropic law 


Since w, = w sin B where B is the wave angle, we have 


(6) 
w M 
where M is the local Mach number. The wave angle @ is then 
called the ‘‘Mach angle.” The increase in length of the velocity 
Ww; is given by 


while the change in flow direction must be equal to 
dw,, cos 
[8] 
w 


From Equations [7] and [8], the relation between increase in 
speed and change in flow direction is immediately found 
dw 
— = tan 6 d0 


Ww 
or using Equation [6] 
dw dé 


w  ~/M?—1 


This equation is the only result necessary to perform the step- 
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by-step computation through any number of waves. It must be 
observed, however, that M is a function of w which must include 
the variation in the speed of sound, a, with w. The Mach num- 
ber and w are related by 


. {10} 


where a* is the “critical speed of sound,” a constant for the entire 


flow. This may be deduced from the energy equation for the 
fluid (3). If this relation is used in Equation [9], with w = 
w/a*, then 


With Equation [11] the successive flow changes through a 
series of bends in a wall, such as in Fig. 2, may be computed. If 


w is given, the increments producing w; and w; are obtained from 
Equation [11]; it is necessary to compute only the Mach num- 
bers corresponding to w:, w, and w3 in order to draw the Mach 
wave at the proper angles, as given by Equation [6]. It should 
be pointed out that the waves described so far are ‘expansion 
waves,” since the d@ shown will, according to Equations [9] and 
(3], produce a drop in pressure. 

The evaluation of Equation [11] for every wave in the flow 
becomes a tedious computation, but may be avoided by noticing 
that Equation [11] may be integrated, resulting in a function 
@ = 6(w). Since wis also a function of M, we may finally express 
6as a function of M; the explicit relation becomes 


6= | VM 1 


The constant of integration has been chosen so that 6 = 0 
at M = 1. This is, of course, the relation obtained by Prandtl 
and Meyer (4), in computing the flow around a single sharp 
corner. The @ so defined is sometimes called the Prandtl-Meyer 
expansion angle. The function may be tabulated for small inte- 
gral increments in 6, such as 1 deg. This is done in Table 1. 
It is now convenient to subdivide the boundaries of the flow in 
such a way that the angles between adjacent segments are inte- 
gral multiples of 1 deg. It willalso be convenient to let the Mach 
number in the initial flow region correspond exactly to one of the 
entries in Table 1. Then the Mach number resulting from the 
disturbance of any further waves in the flow can be read directly 
from the table. For instance, if, in Fig. 1(b), the initial velocity 
uw, represents a Mach number of M = 2.022, and de = 2 deg, 
the Mach number following the wave will be M = 2.096. 

The foregoing computations will apply equally well to a wave 
originating at a disturbance on the upper boundary of the flow, 
asin Fig. 3. The only difference is that in this case the expansion 
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PUCKETT 
wave produces an upward deflection of the flow. It is seen that 
all disturbance waves will belong in one of two classes or families; 
those produced by disturbances on the lower wall, which we call 
the “lower family,’ and those produced by disturbances on the 
upper wall, which we may call the “upper family.” 


INTERSECTION OF Waves 


The only fundamental problem now remaining in the computa- 
tion of a supersonic flow field is the investigation of the flow 
following the intersection of two waves of opposite families. 
Such an intersection is indicated in Fig. 4. If M; is given, then 
My, and M; are determined by 
dé, and As, respectively. The 
important remaining physical 
fact is that the wave W, which 
produced an initial deflection of 
dé, in the flow will continue to 


produce the same deflection after 
it has intersected Wo, that is, 
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a+bd=N \ 


> {13} 
(a b)/2 = 0,4 


It is now apparent that a wave of the upper family of strength 
dé increases a by 2dé, while a wave of the lower family increases 
b by 2d@. The co-ordinate a records only changes due to the up- 
per family and b records only changes due to the lower family. 
This is illustrated in Fig. 5 where both waves are assumed to be 
of strength 

The process of computing the flow change from one region to 
another, as in Fig. 4, is thus reduced to the purely mechanical 
process of making appropriate changes in a (or b) for each pass- 
age through a wave of the upper (or lower) family. The local 
speed and flow direction may be determined immediately from 
Equations [13]. The disturbance waves are drawn at the Mach 
angles determined by the local Mach number, as listed in Table 1. 
The accuracy of the construction will be improved by using the 
average of the wave angles corresponding to the Mach numbers 


before and after a wave. The angle must then be measured rela- 


Pia. 3 W,’ produces also a deflection — tive to the average flow direction. This average wave angle can 
de 
Fo+2d0,b~ 
M, a+2d8, P 
- w, Mg ab / LLL LLL 
a,b a+2d0 
Fic. Fie. 6 
Fig 
2 
\ / 4 \ \ 
4 12,8 S< ae mi64 | 
Fic. 7 8,8 


dé,. The same is true of Wy. The Mach number My, is ob- 
tained from M, by finding the @ corresponding to M, in Table 1, 
and adding increments d@, and dé. It is seen that the flow 
which passes through W, and W,’ will experience the same 
Mach number change as that passing through W, and W.’. The 
direction of the flow in region 4 will be determined by the fact 
that the flow has been deflected through an angle (d@,; — dé.) up- 
ward, in going through either W; and W,’ or W. and W,’. The 
only “graphical construction” of this elementary flow field lies 
in drawing the waves W2’ and W,’ at the Mach angles deter- 
mined by M, and M3, measured relative to the flow direction in 
regions 2 and 3. 

It is desirable to have some notation for recording conveniently 
the Mach numbers and flow directions in each successive elemen- 
tary flow field. Let the direction of the velocity vector in any 
flow region, referred to any initial datum direction, be denoted 
by @,.. The speed or Mach number in any region may be de- 
scribed by the 6 defined in Equation [12] and tabulated in Table 
1; for reasons connected with the more rigorous mathematical 
development of the method it is actually convenient to adopt the 
speed index N, where N = 26. Thus N is a function only of M. 
We may now define the flow direction and Mach number in each 
region by a pair of numbers (a,b) having the following properties 


Fic. 8 
be obtained directly by interpolation in Table 1. 


INTERSECTION OF WAVE AND WALL 


One more basic elementary wave pattern must be mentioned 
before proceeding with the design of a supersonic nozzle. If a 
wave from one wall strikes a straight segment of the opposite 
wall, it is reflected, but in a manner which must be computed. 
In Fig. 6 an expansion wave W, strikes the upper wall at P. It 
must be reflected in such a way that the flow is deflected again 
parallel to the wall; therefore the strength of W,’ (as measured 
by the deflection it produces) is the same as W;. The reflected 
wave now belongs to the upper family, but is still an expansion 
wave. The angle of the reflected wave is not, of course, equal to 
the angle of the incident wave. 

Had the wall to the right of P in Fig. 6 been inclined downward 
at angle dé, as in Fig. 7, that is, parallel to the flow in region 2, no 
reflected wave would be required to satisfy the boundary condi- 
tion. This might be described as “canceling” the incoming wave 
since W, simply ends on the wall. It will be seen later that this 
is one of the fundamental principles required in the design of a 
supersonic nozzle. 

The tools are now at hand to compute the flow through or to 
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TABLE 1 FUNCTIONS OF EXPANDING FLOW 
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ge M B N 6° M 
0.0 1. 90.00 0 30.5 2.1530 
0.5 1.0508 72.10 1 31.0 2.1723 
1.0 1.0808 67.70 2 31.5 2.1913 
1.5 1.1078 64.50 3 32.0 2.2105 
2.0 1.1328 61.96 4 32.5 2.2298 
2.5 1.1559 59.89 5 33.0 2.2492 
3.0 1.1770 58.17 6 33.5 2.2688 
3.5 1.1973 56.68 4 34.0 2.2885 
4.0 1.2170 55.29 8 34.5 2.3090 
4.5 1.2362 53.99 9 35.0 2.3288 
5.0 1.2554 52.77 10 35.5 2.3485 
5.5 1.2745 51.66 ll 36.0 2.3688 
6.0 1.2935 50.63 12 36.5 2.3895 
6.5 1.3120 49.66 13 37.0 2.4108 
7.0 1.3300 48.75 14 37.5 2.4316 
7.5 1.3478 47. 15 38.0 2.4525 
8.0 1.3649 47.11 16 38.5 2.4730 
8.5 1.3825 46.33 17 39.0 2.4942 
9.0 1.4005 45.57 18 39.5 2.5156 
9.5 1.4178 44.58 19 40.0 2.5372 
10.0 1.4350 44.18 20 40.5 2.55 
10.5 1.4522 43.52 21 41.0 2.5810 
11.0 1.4688 42.92 22 41.5 2.6028 
11.5 1.4858 42.30 23 42.0 2.6254 
12.0 1.5028 41.72 24 42.5 2.6484 
12.5 1.5195 41.15 25 43.0 2.6716 
13.0 1.5365 40.60 26 43.5 2.6948 
13.5 1.5540 40.05 27 44.0 2.7179 
14.0 1.5710 39.53 28 44.5 2.7412 
14.5 1.5878 39.04 29 45.0 2.7643 
15.0 1.6045 38.54 30 45.5 2.7879 
15.5 1.6213 38.08 31 46.0 2.8120 
16.0 1.6380 37.63 32 46.5 2.8361 
16.5 1.6550 87.17 33 47.0 2.8610 
17.0 1.6723 36.73 34 47.5 2.8855 
17.5 1.6892 36.30 35 48.0 2.9105 
18.0 1.7061 35.88 36 48.5 2.9360 
18.5 1.7230 35.48 37 49.0 2.9616 
19.0 1.7401 35.08 38 49.5 2.9873 
19.5 1.7572 34.69 39 50.0 3.0131 
20.0 1.7743 34.31 40 50.5 3.0393 
20.5 1.7915 33.93 41 51.0 3.0660 
21.0 1.8090 33.54 42 51.5 3.0925 
21.5 1.8268 33.19 43 52.0 3.1193 
22.0 1.8445 32.83 44 52.5 3.1463 
22.5 1.8622 32.48 45 53.0 3.1737 
23.0 1.8795 32.15 46 53.5 3.2015 
23.5 1.8973 31.82 47 54.0 3.2293 
24.0 1.9150 31.49 48 54.5 3.2576 
24.5 1.9325 31.16 49 55.0 3.2865 
25.0 1.9502 30.85 50 55.5 3.3158 
25.5 1.9680 30.54 51 56.0 3.3451 
26.0 1.9861 30.23 52 56.5 3.3747 
26.5 2.0041 29.93 53 57.0 3.4055 
27.0 2.0222 29.64 54 57.5 3.4365 
27.5 2.040: 29.35 55 58.0 3.4675 
28.0 2.0585 29.06 56 58.5 3.4985 
28.5 2.0770 28.78 57 59.0 3.5295 
29.0 2.095 28.49 58 59.5 3.5612 
29.5 2.1145 28.23 59 60.0 3.5937 
30.0 2.1336 27.97 60 60.5 3.6270 


design a supersonic nozzle. The principal elements of such a 
nozzle are shown in Fig. 8. The nozzle is considered to com- 
mence at the throat, across which it is assumed that the Mach 
number is uniformly 1; the validity of this assumption will de- 
pend on the shape of the subsonic contraction section which must 
precede the throat. An expanding section follows and then a 
return to a parallel section at the end of the nozzle. It is gener- 
ally the object of the nozzle design to produce a uniform parallel 
flow in this exit section, which in our computational system means 
simply a flow with no disturbance waves present. 


Nozz_e DEsIGN 


(a) Maximum Expansion. The simplest type of nozzle de- 
sign is illustrated in Fig. 8. The shape of the initial expansion is 
arbitrary up to the point where the maximum expansion angle is 
reached, being governed generally by considerations of continuity 
with the curvature of the subsonic contraction. In Fig. 8 the 
diverging wall is represented by segments at angles of 2 deg to 
each other, and expanding up to a maximum angle of 8 deg. 
Four expansion waves are produced and their graphical construc- 
tion follows the procedure previously outlined. The nozzle may 
be drawn symmetrically about the center line, or, as is done here, 
the center line is replaced by a solid wall; the flow solution must 
be the same in either case. The four initial expansion waves are 
reflected from the center line and return to the outer wall. 

It is now that the fundamental idea of the nozzle design is ap- 


8 N o° M B N 
27.68 61 61.0 3.6610 15.86 122 
27.41 62 61.5 2.6948 15.71 123 
27.16 63 62.0 3.7288 15.56 124 
26.90 64 62.5 3.7632 15.41 125 
26.65 65 63.0 3.7980 15.26 126 
26.40 66 63.5 3.8332 15.12 127 
26.15 67 64.0 3.8690 14.98 128 
25.91 68 64.5 3.9052 14.84 129 
25.66 69 65.0 3.9417 14.70 130 
25.43 70 65.5 3.9788 14. 131 
25.21 71 66.0 4.0164 14.42 132 
24.99 72 66.5 4.0548 14.28 133 
24.77 73 67.0 4.0940 14.14 134 
24.53 74 67.5 4.1338 ae. 135 
24.29 75 68.0 4.1738 13.86 136 
24.07 76 68.5 4.2135 13.73 137 
23.86 77 69.0 4.2543 13.60 138 
23.64 78 69.5 4.2960 13.46 139 
23.43 79 70.0 4.3385 13.33 140 
23.22 80 70.5 4.3820 13.19 141 
23.01 81 71.0 4.4257 13.06 142 
22.80 82 71.5 4.4704 12.92 143 
22.59 83 72.0 4.5158 12.79 144 
22.38 84 72.5 4.5620 12.66 145 
22.19 85 73.0 4.6086 12.53 146 
21.98 86 73.5 4.6558 12.40 147 
21.79 87 74.0 4.7031 12.28 148 
21.59 88 74.5 4.7505 12.15 149 
21.39 89 75.0 4.7979 12.02 150 
21.21 90 75.5 4.8504 11.89 151 
21.02 91 76.0 4.9032 11.76 152 
20.83 92 76.5 4.9557 11.64 153 
20.65 93 77 5.009 11.52 154 
20.46 94 7 5.119 11.27 156 
20.28 95 79 5.232 11.02 158 
20.09 96 5.349 10.78 160 
19.91 97 81 5.470 10.53 162 
19.73 98 2 5.595 10.29 164 
19.56 99 83 5.724 10.07 166 
19.38 100 84 5.867 9.81 168 
19.21 101 85 6.008 9.58 170 
19.06 102 86 6.155 9.35 172 
18.87 103 87 6.311 9.12 174 
18.70 104 88 6.472 8.88 176 
18.53 105 89 6.643 8.66 178 
18.38 106 90 6. 820 8.43 180 
18.21 107 91 7.008 8.21 182 
18.04 108 92 7.202 7.98 184 
17.87 109 93 7.407 Veen 186 
17.72 110 94 7.623 7.54 188 
17.55 111 95 7.852 7.32 190 
17.40 112 96 8.093 7.10 192 
17.24 113 97 8.350 6.88 194 
17.08 114 98 8.622 6.67 196 
16.92 115 99 8.907 6.45 198 
16.76 116 100 9.210 6.23 2 
16.61 117 101 9.539 6.02 202 
16.46 118 102 9.887 5.80 204 
16.31 119 103 10.260 5.60 206 
16.16 120 104 10.658 5.38 208 
16.01 121 105 11.081 5.18 210 

plied; in order to achieve an ultimately wave-free supersonic 


flow, each of these expansion waves must be canceled at some 
time, using the principle illustrated in Fig. 7. At the point where 
the first returning expansion wave strikes the wall, the wall is 
deflected inward by an amount equal to the strength of the wave, 
in this case 2 deg. This is done with each of the other waves. 
When the last wave has been canceled, the walls have automati- 
cally become parallel again, and a uniform wave-free flow is 
produced. In this case the final Mach number will be M = 
1.638. The wall shape following the point where the last expan- 
sion wave was produced is completely determined by the graphi- 
cal construction. 

It will be noticed that 8 deg is the largest expansion angle 
which could have been used to produce this Mach number without 
the introduction of compression waves and hence an actual re- 
contraction in the nozzle. Thus the maximum permissible ex- 
pansion angle for any nozzle design is exactly one half of the 
“Prandtl-Meyer” angle 6, corresponding to the final Mach num- 
ber, or 


(b) Less Than Maximum Expansion. A design utilizing this 
maximum permissible expansion angle to produce a certain Mach 
number, will produce the shortest possible nozzle for a given ini- 
tial rate of divergence (curvature). However, the same Mach 
number can be produced in a nozzle having any expansion angle 
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less than 8 deg by allowing the initial expansion waves to reflect 
a proper number of times from the wall. For instance, in Fig. 
9 is shown a nozzle design for the same Mach number, using a 
maximum expansion angle of 4 deg. The elimination of 4 deg 
of expansion on the wall from the previous design requires the 
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2° Since the flow in both throat 


4 


and exit section is one-dimen- 


sional, these two area ratios 
should agree within the error 
of the graphical construction. 
It should be pointed out that 
the entire graphical construc- 
tion is a very rapid and me- 
chanically simple process, which 
be carried out in a matter 
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reflection of two 2-deg waves, to supply the additional required 
expansion in the flow. Thus if the maximum permissible ex- 
pansion angle is @max, and the expansion angle actually used is 
4, the number n of refleeted waves of strength d@ is given by 

Omax Ay 


dé 


n= 

In general, it cannot be said that either the design using @max 
or the design using a smaller expansion angle, is superior. If 
boundary-layer growth and friction losses are likely to be objec- 
tionable, it is obviously advantageous to use the shortest possible 
nozzle design. This point of view was apparently predominant 
in the German supersonic wind-tunnel designs. On the other 
hand, the longer a nozzle, the less critical is its design in so far 
as producing a uniform final velocity is concerned. If the ex- 
pansion angle is small enough, almost any smooth curve connect- 
ing the throat to exit section will produce a reasonably uniform 
final velocity. Therefore it may be conservative design practice 
to use an expansion angle less than @max, say, one half to two thirds 
as large. 

(c) Steps in Nozzle Design. The steps in nozzle design may 
be listed briefly as follows: 


1 Determine from Table 1 the speed index NV most closely cor- 
responding to the desired design Mach number. 

2 Determine the maximum permissible expansion angle @max, 
using Equation [14]. Choose a nozzle expansion angle @, equal 
to or less than this. 

3 Choose an expansion curve from the throat to 4 and divide 
this into suitable straight segments. The disturbance wave 
strength used might be 1 or 2 deg, depending upon the accuracy 
desired. 

4 Construct the expansion waves produced by this section 
and their intersections and reflections from the center line. If 
4 is less than @max, determine the necessary number of reflections 
from the wall using Equation [15]. 

5 Construct the section canceling all expansion waves, and 
producing a parallel flow. 


The final nozzle shape should actually consist of a smooth 
curve faired through all the points of intersection of waves with 
the wall. This can be accomplished best on a plot with exag- 
gerated vertical ordinates. It is important to note that a check 
on the over-all graphical construction may be obtained by com- 
puting the ratio of the exit area, A,,. produced by the construc- 
tion to the throat area A*, and comparing this with the theo- 
retical area ratio deduced for one-dimensional flow, which is 
given by 


of only a few hours. The 

mechanical processes can be 
performed by a draftsman with no particular reference to their 
physical meaning. 

(d) Approximate Method. One further approximation in the 
construction is sometimes possible, which will shorten the labor 
involved still more. It will be noted in both Fig. 8 and Fig. 9, 
that the flow pattern at a section through the point of maximum 
expansion consists of nearly uniformly spaced fields with constant 
Mach number. Thus the flow is almost uniformly radial at that 
section. Therefore it appears feasible to design a nozzle by 
starting at the section of maximum expansion, and assuming a 
uniform radial flow. This amounts to assuming the existence of 
uniformly spaced wave quadrilaterals with constant Mach num- 
ber and flow direction varying uniformly. The number of waves 
which must be present is, of course, determined by the expansion 
angle used, and s given by 

= 

The design for the nozzle in Fig. 8, starting at the section of 
maximum expansion, and assuming uniform radial flow at that 
section, is shown in Fig. 10. Using this design procedure, it is 
necessary to connect the maximum expansion point with a throat 
of the correct size by a smooth curve representing the expansion 
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section. It is clear that the accuracy of the assumption of uni- 
form radial flow will depend to some extent upon the uniformity 
of the curvature of this section. The correct throat size must be 
computed in this case from Equation [16]. 


BounDARY-LAYER EFFECTS 


The discussion so far has pertained to the approximate solution 
of the flow of a nonviscous fluid. In a real fluid some viscous ef- 
fects must be present, but it can be shown that they are, for the 
most part, confined in a thin layer next to the walls of the flow, 
called the boundary layer. The real flow then consists essen- 
tially of a core of nonviscous flow, and thin layers of retarded 
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flow along the walls. It can be shown that the perfect fluid core 
behaves as though it were flowing between walls which lie some- 
where in the boundary layer, inside the physical walls. These 
“effective walls” are displaced inside the true walls by a certain 
fraction of the boundary-layer thickness, called the ‘displacement 
thickness.”’ The displacement thickness is also an important 
parameter in general boundary-layer theory (5); it is defined as 
the distance through which the wall of a channel carrying a per- 
fect fluid would have to be displaced in order to produce the same 
reduction in mass flow that is caused by the actual boundary 
layer. 

The nozzle computations made previously may now be con- 
sidered to apply to a perfect fluid flowing between certain ef- 
fective walls. The physical walls of a real flow which would 


BOUNDARY LAYER 
DISPLACEMENT THICKNESS 


PHYSICAL WALL 


EFFECTIVE WALLS OF 
PERFECT FLUID FLOW 
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have the same internal characteristics as the computed flow will 
lie exactly one displacement thickness outside of the effective 
walls (see Fig. 11). The displacement thickness increases from 
nearly zero at the throat to a value de- 
pending upon the Reynolds number, 
length, and Mach number in the nozzle. 
It continues to increase through the test 


z 


0 7.50 
section (following the exit section of the 
nozzle), which means that the actual 11.97 7.09 12.47 7. 
nozzle walls must d iverge slightly 
through the test section in order to 
maintain a constant velocity. 26.57 5. 
It should be noted that the bound- 27.58 5. 
ary layer forms on all four walls of the 
nozzle; however, it is generally con- 
venient to make boundary-layer correc- 
tions only to the top and bottom walls 60 = 7° 9° 


of a two-dimensional channel. As a 

first crude approximation, the total correction for all four walls 
might be divided between the top and bottom walls only. The 
detailed computation of the boundary-layer displacement thick- 
ness is outside the scope of the present paper, but some order 
of magnitude figures may be given for design purposes. Some 
theoretical estimates of the rate of boundary-layer growth have 
been made for the 2.5-in. supersonic wind tunnel at the Guggen- 
heim Aeronautical Laboratory, California Institute of Tech- 
nology, and comparisons made with boundary-layer profiles 
measured in the wind tunnel. The following rough figures will 
give an indication of the size of the effects obtained. 

The rate of increase through a square test section is such that 
an expansion of the top and bottom walls by 0.007 to 0.010 in. 
per in. of length on each wall, will roughly provide the necessary 
compensation for all four walls. This figure has been found to 
be useful for a wide range of Reynolds numbers, from R = 5 
X 10®' to R = 5 X 10° based upon test section height, and for 
Mach numbers of the order of 1.5 to 2.5. The thickness of the 
boundary layer in a 2.5-in. wind-tunnel nozzle at a Mach number 
of 1.5 and Reynolds number of 5 X 105 is roughly 0.15 in.; of 
this, the displacement thickness is about 0.040 in. If the fric- 
tion coefficient is assumed independent of Reynolds number, the 
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displacement thickness would increase approximately linearly 
with the nozzle size. Increasing Mach number increases boun- 
dary-layer thickness, due essentially to the additional heating in 
it. In the 2.5-in. nozzle, the total boundary-layer thickness at 
M = 4 is roughly 0.25 in. 


CONCLUSIONS 


Using the methods outlined in the paper, the graphical con- 
struction of a two-dimensional supersonic nozzle to produce uni- 
form parallel flow at any desired Mach number is a relatively 
rapid and simple process. As an example of the application of 
the method, several nozzle shapes have been designed using the 
approximate method described, in which uniform radial flow is 
assumed at the maximum expansion section. These are given in 
Table 2; the abscissas x are measured from the nozzle exit sec- 
tion, and the ordinates y are measured from the nozzle center 
line. Only that part of the nozzle between exit section and maxi- 
mum expansion angle is given. This section must be connected 
to a throat“of the proper size (computed from Equation [16]) 
by a smooth curve of reasonably low curvature. The scale may 
be revised by changing xz and y in the same ratio. It will be 
noticed that the expansion angles used, 4, correspond roughly to 
one half of the maximum permissible @max, so that the shape 
of the curve from throat to maximum expansion section should 
not be too critical. No correction for boundary layer has been 
made. 

It is also clear that the method in general may be applied to a 
wide variety of two-dimensional supersonic-flow problems, and 


TABLE 2 TYPICAL NOZZLE ORDINATES, MAXIMUM EXPANSION TO EXIT SECTION 
—M = 


—M = 2.82 ~ —M = —M = 3.62—~ —M = 4.04—~ 
50 0 7.50 0 7.50 0 7.50 0 7.50 
42 5.62 7.40 4.94 7.41 5.52 7.40 5.94 7.40 
28 9.70 7.26 9.43 7.26 10.39 7.23 11.20 7.21 
08 13.38 7.07 13.47 7.05 14.89 7.00 16.10 6.96 
84 16.64 6.84 17.15 6.79 18.75 6.73 20.22 6.67 
56 19.67 6.57 20.41 6.50 22.24 6.42 23.94 6.34 
27 22.35 6.29 23.41 6.19 25.39 6.09 27.17 6.00 
96 24.80 5.99 26.03 5.87 28.08 5.76 30.11 5.64 
65 26.95 5.69 28.42 5.53 30.56 5.41 32.69° 5.28 
49 28.90 5.37 30.46 5.21 32.73 5.07 34.95 4.92 
30.70 5.07 32.35 4.87 34.66 4.73 36.96 4.57 
32.20 4.77 33.99 4.56 36.35 4.40 38.69 4.23 
32.90 4.62 35.44 4.25 37.87 4.08 40.26 3.90 
36.13 4.09 39.20 3.77 41.62 3.58 
39.80 3.62 42.79 3.29 
43.32 3.15 

12° 13° 14° 15° 


that it forms 
field. 


a very powerful tool for investigation in this 
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Analytical Design of Centrifugal 
Air Compressors 


By C. CONCORDIA! anno M. F. DOWELL? 


The object of this paper is to describe a general method 
of design and analysis which has been developed for, and 
applied primarily to, the design of supercharger centrifu- 
gal impellers. The method has also been used as a sys- 
tematic means for the analysis of such impellers as well 
as for the design of the corresponding diffusers and of 
gas-turbine compressors and turbines. The development 
was undertaken with the idea of obtaining, as nearly as 
possible, a self-sufficient and self-contained rational de- 
sign method which would be influenced as little as possible 
by preconceived notions of what the impeller blades 
should look like. The method is also complete in the 
sense that it is not used merely as a guide to the char- 
acter of the blade shape, e.g., to determine limiting curva- 
tures. Instead, one starts from and uses the basic laws 
of the fluid motion to determine the required flow path 
and thus the complete blade shape. On the other hand, 
the fullest use has been made of available experience and 
test results as checks of the theory. 


NOMENCLATURE 
Tue following nomenclature is used in the paper: 


p = mass density of fluid, lb-sec?/ft* 
= time, sec 
r = radial distance to air particle, ft 
6 = angular position of air particle, radians 
w = d@/dt = angular velocity of air, radians per sec 
w, = angular velocity of impeller, radians per sec 
a = dw/dt = d*6/dt? = angular acceleration of air, radians per 
sec? 
p = pressure, psf 
B = angular position of blade element = @ — wyt, radians 
z = axial distance, ft 
v, = dr/dt = radial component of air velocity, fps 
v, = dz/dt = axial component of air velocity, fps 
v,,, = resultant of axial and radial velocities, fps 
1,02 = initial (entrance) and final (exit) angular velocities, re- 
spectively, of air, radians/sec 
Wrel = W — wy = angular velocity of air relative to the wheel, 
radians/sec 
r,72 = initial and final radii respectively of flow line, ft 
Subscripts b, m, and o refer to back wall, median flow line, and 
open facé as defined in Fig. 1 
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TANGENTIAL VIEW OF IMPELLER 
(Section in axial-radial plane.) 


= fluid viscosity 


boundary layer thickness 
p’ = p — p” (see Equation [13]) 


or 
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DESCRIPTION OF METHOD 


The procedure has been to set up first the equations of equilib- 
rium of an air particle in terms of a system of cylindrical co- 
ordinates suited to the form of the centrifugal compressor to be 
studied. The three equations of equilibrium for an element of a 
compressible perfect fluid of density p and pressure p, in cylindri- * 
cal co-ordinates r, 6, and z, are 


Tangential acceleration 


Radial acceleration 


d? de \’ dp 
Axial acceleration 
d? d Op 
p p [3] 


These equations are simply an expression of Newton’s second 
law and are assumed to hold along any streamline within the 
fluid. In order to solve these equations without further approxi- 
mation it would be necessary to integrate them over the whole 
space within any one impeller passage and consider proper bound- 
ary conditions along the passage walls. This has been avoided by 
the distribution of the boundary forces within the fluid,? as for 


a “Investigation of Single-Stage Axial Fans,”’ by P. Ruden, Luft- 
fahrtforschung, vol. 14, July 20, 1937, pp. 325-346; also September 20, 
1937, pp. 458-473. 
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an infinite number of blades. The condition of the fluid is then 
in the first approximation independent of angle and the various 
streamlines may be separately considered. 

The determination of blade shapes and passages by means of 
these equations is as follows: 

The equation of tangential force, Equation [1], is regarded 
as the most significant since it exhibits the primary effect of the 
impeller on the air in imparting a rotary motion by means of 
the tangential pressure gradient between the blades. In this 
equation, 0p/d6 is replaced by Ap/A@ where Ap is the pressure 
difterence across each blade at any point along the path (the 
blade loading), and A@ is the angular distance between adjacent 
blades. Thus Equation [1] becomes 

Ap 

p(ra + 20) = [4] 
This equation is used to calculate step by step the angular ac- 
celeration a, the angular velocity w, and finally the relative 
angular position B of an air particle as it travels through the 
impeller, for a given blade loading Ap, density distribution p, 
and radial component of velocity v,. The basic premise of this 
procedure is that blade loading is the most significant factor, so 
that a given blade loading is desirable as compared with some 
other kind of loading. 

For preliminary calculations the desirable distribution of pres- 
sure across the blade as a function of radius was chosen on a 
common-sense basis by following the rule that the air should be 
accelerated gradually, with the force starting at zero and increas- 
ing to a more or less uniform maximum value over the middle 
portion of the blade and then decreasing to a small (but not 
necessarily exactly zero) value at the exit. Thus shocks at 
entrance and exit, as well as pulsations of pressure at the en- 
trance to the diffuser, are minimized, and on the other hand 
no portion of the blade escapes its proper share of the work. 

It will be shown later how other criteria of good blade loading 
have also been applied. In the foregoing discussion the whole 
passage is regarded as lumped into a single flow line with a force 
proportional to Ap/Aé@ acting on the air. From the mathemati- 
cal point of view, the original partial differential equation has 
been reduced to an ordinary differential equation solvable by a 
step-by-step process or by means of the differential analyzer. 

In Equation [1] it is evident that p and v, must also be speci- 
fied. The procedure has been to estimate p first from available 
test results and finally from pressure-rise curves calculated 
from the radial- and axial-force equations. From another point 
of view, the ratio of blade loading to density (Ap/p) may be re- 
garded as the quantity specified so that it is not necessary for the 
present to know p. The velocity v, does not have to be guessed 
but may be independently assigned, since when p is known the 
passage contour in the axial-radial plane, that is, in the tangen- 
tial view as shown in Fig. 1, may be determined by means of the 
equation of continuity to produce any desired axial-radial com- 
ponent v.+, of velocity. In this sense the flow line is regarded as 
a middle or median line, and the velocity as an average velocity, 
since we know that in actuality there is a variation of veloc- 
ity across the passage. The »v, for any particular shape of me- 
dian flow line and assigned v.+, may be found by measuring the 
slope of the flow line in the z + r plane directly from a sketch 
such as that in Fig. 1. 

Calculations have shown that the blade shape so determined is 
rather insensitive to variations in the density distribution, but on 
the other hand the radial component of velocity is very impor- 
tant. The practical result is that the axial-radial passage contour 
may be and has been used as a control of the blade shape for any 
specified loading, and conversely one must remember that if the 
axial-radial contour is changed the blade shape should be changed 
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correspondingly. There may evidently be an infinite number 
of properly co-ordinated axial-radial passage contours and blade 
shapes, all presumably having reasonably good performance. 


APPLICATION OF FORMULAS TO IMPELLER DESIGN 


One of the first applications of these equations was to an im- 
peller having a nearly uniform radial velocity. The resulting 
blade shape, in its axial view, Fig. 2, has a backward curvature at 
the entrance and the exit (because of the light blade loading 
at entrance and exit) and a forward curvature in its middle por- 
tion. As such reversals of curvature are undesirable from the 
standpoint of construction, a general study of blade shape as af- 
fected by the radial component of velocity as well as by other 
factors was undertaken. 
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Some preliminary work was done by hand step-by-step integra- 
tion of Equation [4] and this indicated almost at once that a 
proper reduction of the radial component of velocity at the 
inlet could eliminate the initial backward curvature. The 
entrance velocity thus should be principally axial and should 
turn around more or less gradually to a nearly radial exit, so that 
the impeller changes gradually from axial to radial. 

A continuation of the work by a study of several hundred 
specific cases on the differential analyzer has shown that a 
proper axial-radial velocity distribution can result in a simple 
blade shape as far as the median flow line is concerned, but has 
brought out the fact that the passage contour (in the tangential 
view) necessary to produce the simplest median flow line (in the 
axial view) may have certain undesirable features, and moreover 
may not correspond to the simplest flow lines along these con- 
tours. 

As just implied, following the determination of the middle flow 
line, we must calculate the two extreme flow lines, i.e., along the 
back wall (see Fig. 1) and along the open face (or shroud, if any). 
To do this we must estimate a velocity component v, along these 
lines. This is done, as in the case of the median p, first by experi- _ 
ence and finally from a consideration of the fact that zero circula- 
tion should exist within the fluid up the streamline along the open 
face or back wall and back down the middle line. This calcula- 
tion of circulation cannot be made until a blade shape and the 
corresponding angular velocities have been calculated, as until 
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then we know neither the relative velocities nor the length of the 
path. 

It is also necessary to have in some sense an equality of over-all 
effect on the fluid among the various flow lines. In the designs 
made so far, this has been accomplished by making the work 
done on the fluid equal for all flow lines, which simply means that 
the tangential components of exit velocity must be inversely 
proportional to the exit radii,‘ or that the angular velocities at 
the exit must be inversely proportional to the square of the radii 


VG2b = Voom Tam = V6G20 ) 
or 


T2b? = Tim? = T*20 | 


As a final check the circulation around the blade along the 
three flow lines is calculated to see if it varies by any significant 
amount. 

It was stated previously that the variation of density p through 
the impeller is computed from the axial- and radial-force equa- 
tions. Actually, these Equations [2] and [3] require some modifi- 
cation in order to put them into the best form for computation. 

According to the original assumption, there is everywhere 
within the fluid a pressure gradient (O0p/0@), or (Ap/A@). This 
corresponds physically to the assumption of an infinite number 
of blades, and as shown in Fig. 3, the effect of the gradient is 
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canceled each time one passes through a blade, so that there 
is no net pressure variation in the tangential (@) direction. This 
shows that if one is to integrate the pressure gradient from en- 
trance to exit, one must take care to avoid passing through a 
blade if the proper pressure rise is to be obtained. The differen- 
tial pressure rise may be written as 


Substituting for 0p/dOr and Op/dz from Equations [2] and [3] 


| dv, dv: | Op 
dp p| rw*dr dr dz|+ 


In this expression dr/dt = v, and dz/dt = v,, thus 


dp = p [rw*dr — v, dv, — v,dv,] + [7b] 


or, since 

‘Energy Transfer Between a Fluid and a Rotor for Pump and 
Turbine Machinery,” by S. A. Moss, C. W. Smith, and W. R. Foote. 
Trans. A.S.M.E., vol. 64, 1942, pp. 567-597. 


v,? + v,? = tr? [7c] 


dp = p (rw*dr — vi+r dvz+r) + 


Finally, in order to avoid passing through an impeller blade dé 
must be taken equal to dB, the change in blade angle, while 
dp/d6 is replaced by Ap/ A@, so that one obtains 


A 


This equation may be evaluated for each interval along the flow 
path, as all the quantities are now known, that is, p, v:+,, and 
Ap/ A@ were previously assigned in order to solve Equation [4], 
w is found from the step-by-step solution of Equation [4], and B 
is found by numerically integrating (w — w,), the angular velo- 
city relative to the impeller, with respect to time. 

Having found p by summation of the dp of Equation [8], one 
may find a new p curve from a suitable relation (o/po)7 = (p/pp). 
Experience has shown that the values of (dp) found from Equation 
[8] must be multiplied by a factor of from 70 to 80 per cent to 
check test values. This is presumably because of the fact 
that losses have been neglected. Although more complete ex- 
pressions including the effect of surface friction have been de- 
veloped, we have preferred to depend directly on estimates 
based upon tests for the magnitude of the pressure rise, using 
Equation [8] only to determine the shape of the curve. The cal- 
culated pressures are also useful in a relative sense to compare the 
performance of different impellers. 

In the same way Equation [4] has not been modified, since 
the effect of friction is merely to increase the required blade 
loading without significantly changing its shape. These two 
simplifications are legitimate because of the fact that we are not 
trying to determine the performance, i.e., the efficiency and pres- 
sure ratio, of a given impeller, but rather are trying to determine 
directly the optimum design having maximum efficiency for any 
assigned pressure ratio. 

It might have been supposed that the pressure rise could be 
computed more simply by the relation 


where v is the total velocity of the air relative to the impeller. 
However, the form, Equation [8], is believed to have the advan- 
tages of convenience and of showing clearly the fundamental 
design components which contribute to the pressure rise. For 
example, the first term p rw*dr represents the centrifugal pres- 
sure rise and may be compared to a similar term p rw,,2dr which 
represents the corresponding pressure rise in a straight radial- 
blade impeller. The second term — p 02+, dvz+r is the pressure 
rise due to the fluid flow through the impeller neglecting the ef- 
fects of the blades (that is, it represents the impeller as an an- 
nular diffusing passage), and thus shows directly the effect of 
changes in the shape of the axial-radial cross section. The third 
term shows the direct action of the blades in pushing on the air 
and is the only term which would exist in a purely axial-flow fan 
with constant axial velocity. 

In evaluating the total circulation within the fluid passage 
a path, Figs. 1 and 2, is chosen up the back wall, across the im- 
peller exit (this portion is net necessarily negligible, since the exit 
velocity is not necessarily normal to the exit cross section), down 
the open face, and down the entrance. The integral of the com- 
ponent of relative velocity (in line with this path) with respect 
to path length is taken and evaluated numerically. This inte- 
gral is the circulation in co-ordinates moving with the impeller, 
so to it must be added + 2 Awy in order to obtain the circulation 
with respect to co-ordinates fixed in space, where A is the net 
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projected area of the blade in the axial view as shown in Fig. 2. 
To obtain this projected area we must consider negative as well 
as positive areas if the projections of the back wall and open face 
lines overlap. With the conventions chosen in Fig. 2, a positive 
area is obtained if the enclosed portion is on the left as one pro- 
ceeds along the path (see Fig. 2). 

In evaluating the total circulation about the blade along each 
of the three flow lines, the pressure loading Ap has been used to 
compute the corresponding difference of velocity, and this has 
been numerically integrated along each path. 


DIFFERENTIAL ANALYZER SIMPLIFIES COMPUTING PROCESS 


It is evident from the foregoing description that this design 
method is straightforward and simple in theory but entails a 
considerable amount of numerical work. In principle, a sort of 
successive approximation solution of the force equations in the 
three dimensions for each flow line and a successive considera- 
tion of the three flow lines must be made. In practice, however, 
the relative unimportance of the density distribution allows 
some separation of the equations so that the blade shape may be 
found for many cases without checking each flow line to see if 
the pressure rise has exactly the assumed shape. This fact has 
permitted the saving of a great deal of time by use of the dif- 
ferential analyzer’ for some of the calculations. 


DETERMINATION OF OpTIMUM BLADE LOADING 


Since the basis of most of the work is the shape of the curve of 
pressure difference across the blade, the question of what is the 
best pressure loading is of prime importance. This question has 
been approached in three ways: (1) As just noted, by the 
common-sense consideration that the pressure should be small at 
entrance and exit and should not have any reversals of curvature; 
(2) by comparisons of calculated pressure loadings for several 
impellers which have already been tested; and (3) by a considera- 
tion of the possibility of boundary-layer separation. 

The application of method (1) needs no further discussion. 
For method (2) an instrument, Fig. 4, was built and has been 


4 Device ror MEASUREMENT OF IMPELLER-BLADE CONTOURS 


used for the detailed measurement of the blade contours. From 
these measurements and for given impeller speeds and flow condi- 
tions, the blade loadings are computed by Equation [4]. Calcu- 
lations have been made for operating conditions of both good and 
poor performance so that a correlation of performance and blade 
loading could be made. 

Method (3) is the assignment of the blade loading in such a way 
that separation is avoided. This can be done only indirectly. 


'**A New Differential Analyzer,” by H. P. Kaehni and H. A. 
Peterson, Trans. A.I.E.E., vol. 63, May, 1944, pp. 221-227. 
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The procedure has been to plot the curves of pressure for both 
surfaces of the blade, taking as a first approximation 


where the two values of ps are the surface pressures and p is the 
pressure calculated as described in connection with Equation [8]. 
The criterion of separation involves the boundary-layer thickness, 
density, relative velocity, pressure gradient along the flow path, 
and the impeller rotational speed. One may, as an approxima- 
tion, write that in order to avoid separation we must have® 


5 (dp'/ds) < K 
pv Rs 


where s is the distance along the flow path, vis the relative veloc- 
ity, K is a constant, Rs (= vip/u) is Reynolds number for the 
boundary layer, and u is the fluid viscosity. 

Equation [11] may also be written in the form 


In the present case the “pressure gradient” (dp’/ds) is not the 
actual pressure gradient but a corrected gradient found by sub- 
tracting from the actual gradient a centrifugal-pressure gradient 
to which we are entitled by virtue of the impeller rotation; or, 
from the actual pressure we subtract a centrifugal pressure p” 


before computing the gradient. This pressure p” may be re- 
garded as representing that developed in a rotating impeller 
having no flow, and for which there will of course be no separa- 
tion regardless of the magnitude of the pressure gradient. 

For the centrifugal impellers considered this centrifugal-pres- 
sure gradient has been extremely important, being in most 
cases 4 or 5 times as great as the residual-pressure gradient 
(dp’/ds) which tends to produce separation. Thus a proper esti- 
mate of the separation condition depends much more upon : 
proper calculation of the pressure-rise distribution than upon an 
exact knowledge of the boundary-layer thickness or of the quan- 
tity K. Moreover, it is evident that the best shape of loading 
curve will bear little resemblance to the best shape for an airfoil 
in a free stream, and will also vary widely depending upon other 
features of the design. 


DIscussION OF RESULTS AND CONCLUSIONS 


The studies made by the methods outlined have led to an im- 
proved understanding of the proper and necessary correlation 
between the over-all passage contour (as projected in the axial- 
radial plane) and the blade shape. The inherent relations among 
the three principal flow lines considered, and the necessity for a 
proper consideration of all three, are brought out. In addition, 
the effect of various factors such as density, shape,and magnitude, 
Fig. 5, of blade loading, initial spin, and design speed have been 
determined, as well as the best blade shapes for certain specific 
designs. 

One might loosely classify the method as an attempt to solve 
the complete aerodynamic-design problem roughly, rather than 
any one part of it exactly. The partial differential equations of 
equilibrium have been reduced to a series of one-dimensional 
equations and solved in succession. The equations of continuity 
and of circulation have been applied to the whole passage as a unit 
(or at most in two parts). The merits of these assumptions must 
be judged by the results obtained, and on this basis they have 


6 “Modern Developments in Fluid Dynamics— Vol. II,” by S. Gold- 
stein, Oxford University Press, London, England, 1938, p. 533. 
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been amply justified. 
considerable inereases in efficiency, flow capacity, and maximum 
attainable pressure ratio. 


Tests on several impellers have shown 


Not the least of the benefits has come from the systematic 
analysis of all types of impellers. 
than one oceasion to explain differences in performance among 
various experimental impellers which seemed practically alike 
on even a careful qualitative inspection, since the analysis pro- 


It has been possible on more 


vides a means of looking at the fundamental physical effects of 
design changes rather than merely at the geometrical dimensions 
themselves. This form of analysis may be compared to the 
methods of smoke and dust precipitation, since a more or less 


even precipitation is taken as a criterion of good performance. 
However, in the analytical method one may take on paper any 
speed, however high, as the design speed, as opposed to the test 
method which may be used only at moderate speeds, and also one 
may obtain a quantitative idea of the magnitude and detailed 
distribution of the loading over the blade surface, so that the 
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optimum loading from the aerodynamic standpoint may be ap- 
proached. 
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Forced Torsional Vibrations With Damping: 
An Extension of Holzer’s Method 


By J. P. DEN HARTOG! ano J. P. LI? 


An extension of Holzer’s method is given for the case of 
damped systems of discreet as well as of uniformly dis- 
tributed inertias and flexibilities. For discreet systems 
the modification in the Holzer table consists of replacing 
I by I — jeo/w, and of replacing k by k + jwe;, whereby most 
numbers in the tables become complex. The meaning of 
the real part of any complex number is that quantity 
which is in time-phase with the motion at the free end, 
while the imaginary part is 90 deg out of time-phase with 
that motion. For distributed systems the results are 
given by Equations [12] and {12a} for a free forward end; 
by Equations [13] and [l3a] for a damped forward end, 
while the letters a and }b appearing in these results are 
defined by Equations [8] and |8a}. 


1 NOMENCLATURE 
The following nomenclature is used in the paper: 


a, b....numbers depending on system constants, de- 
fined by Equations [8] and [8a] or by [9] 

. torsional damping constant 

..moment of inertia 

-imaginary unit 

. torsional spring constant 

. length of shaft 

. roots, defined by Equation [8] 

. .angular displacement functions of x, being the 
in-phase (real) and the quadrature (imagi- 
nary) components of that angle 

x....distance along shaft, between 0 and / 

¢g....angle of torsional displacement 

w.... frequency 


Os 


Subscripts: 
1....per unit length (in a distributed system) 
i... .inner or internal (damping) 
o....outer or external (damping to ground) 
n, (n—1)....running number of disk 


2 Score anp Ossect or Tuts PAPER 


In the calculation of the free and forced vibrations of torsional 
systems with small damping, the method of Holzer is widely used. 
It consists of determining the shapes and frequencies of the free 
vibrations, disregarding damping. The damping is subsequently 
taken into consideration by equating its energy dissipation during 
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one cycle to the work done by the exciting forces during that cycle 
Obviously this method is satisfactory and reliable only when the 
natural frequency and particularly the vibrating shape of the 
system are practically independent of damping. In most prac- 
tical systems this is true enough, justifying the widespread use 
of this simple method of calculation. Exceptions occur in cases 
where two flywheels in the middle of the system are coupled to 
each other by a dashpot only, or by a dashpot transmitting a 
torque which is considerable compared to the spring torque trans- 
mitted between these two flywheels. 

An old practical example of this condition is the Lanchester 
damper or the sprung “damped dynamic vibration absorber.”’ 
Other cases are hydraulic or inductive electric couplings tying 
two parts of the system together, as they occur in ship drives. 
In all such cases the energy dissipation in the device obviously is 
zero for zero damping. But the energy dissipation is also zero 
for large (infinite)damping, because then the two halves of the 
coupling are rigidly tied together by the dashpot, which changes 
the shape of the vibration altogether. These devices are used in 
practice with a damping between zero and infinity so that the 
damping torque as well as the relative motion are considerable, 
resulting in a maximum energy dissipation. The shape of the 
vibration then is somewhere between that for zero damping and 
solid coupling and differs considerably from either. For such 
cases the simple Holzer method breaks down and it is necessary 
to consider the damping directly with all its complications of 
changing phase angles. 

In his original publication,’ Holzer gave the method of Section 3 
of this paper in great detail. It is here repeated in a simplified 
manner. For engine systems with a large number (six or more) 
of identical cylinders, it is advantageous to consider the engine as 
a uniformly distributed elasticity and inertia. For zero damping 
this leads to the Lewis method,‘ which in principle is also given in 
Holzer’s book.’ The calculations for a system with uniformly 
distributed elasticity, inertia, and damping are given by Holzer® 
only for the case of free vibration and in a very complicated man- 
ner. In this paper, the forced vibrations of such systems are 
investigated, which is believed to be a new contribution. 


Tue Houzer TaBLe FoR DAMPED SystTEMS 


The discussion is based on the usual engine idealization where 
the moving parts of each crank are replaced by an equivalent fly- 
wheel and an equivalent torsional stiffness. The damping is 
assumed to be linear and can consist of two parts represented by 
(a) a dashpot between each flywheel and ground and (b) dashpots 
between each flywheel and the one or two neighbor flywheels. 
The damping constants corresponding to these two types are 
designated as c, for ‘outer’ or external damping and c¢; for 
‘{nner” or internal damping. 

The Newton equation of motion for the nth disk (Fig. 1) is 


Tn@n — 1) kn-1(¢n @n-1) + CnoPn 
+ Cni(Gn — + Cn-11(Gn — = O.... [1] 


3“Die Berechnung der Drehschwingungen,”’ by H. Holzer, J. 
Springer, Berlin, 1922. 

4“Torsional Vibration in the Diesel Engine,’ by F. M. Lewis, 
Trans. Society of Naval Architects and Marine Engineers, vol. 33, 
1925, pp. 109-145. 
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DEN HARTOG, LI—FORCED TORSIONAL VIBRATIONS WITH DAMPING 


Con 


Fia. 1 
The method used by Holzer consists of finding the end torque 
necessary to cause a steady-state forced vibration of an assumed 
frequency w at unit amplitude at the other end. With damping 
the steady-state motions at the various disks are still harmonic 
motions at frequency w, but they no longer have the same phase 
from disk to disk, or 


on = An sin wt + cos wl............-- 


use the shorthand notation gx = An + jBn. 
Equation [2] amounts to multiplication by jw 
of the shorthand notation and two differentiations amount to 
multiplication by —w? of the shorthand notation. Substituting 
Equation [2] into [1] gives 


for which we can 
Differentiation of 


(- -T + JwCno) Pn + (Ka + Jeni) (On — 1) 


+ (Kn-1 + Jwln—1i) (Gn ¢n-1) [3] 


This equation differs from the undamped one only in that J,w? is 
replaced by J,w? — jweno, and in that k, is replaced by kn + jwe,,;.® 
The computations of the Holzer table are identical with those of 
the undamped case; except that, as a result of the two foregoing 
replacements, most numerical figures in the table are complex. 
In the undamped case the end torque or “remainder torque” 
is a real number, which means that the torque is in phase with the 
motion at the opposite end. Here the remainder torque is a 
complex quantity, containing components in 
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[4] 


where dots mean 0/dt and dashes mean 0/0z, as usual. The angle 
will not have the same time phase along the length of the shaft so 
that we assume the solution in the form 


¢ = P(z) sin wt + Q(z) cos wl............. 


(5} 


where P and Q are real functions of z only. This represents a 
forced vibration of frequency w, the forcing torque to be applied 
at the end of the shaft. Note that Equations [5] and [4] are 
generalizations of [2] and [1], respectively. 
Substitute the assumption, [5] into [4], and set the terms pro- 
portional to sin wt and cos wt independently equal to zero 


Tw?Q + k,Q” CiwP” = 0 


Since these are linear differential equations in P(x) and Q(x), we 
set, as usual 

P = Pe Q = Que 
and substitute 


+ kyp?) Po + — = 0 
+ Po + (Iw? + kip?)Qo = 0 


In this homogeneous set of algebraic equations in Py and Qo, the 
determinant must be zero or 


+ kyp?)? = — cywp?)?* 
which is an equation of the fourth degree in p, having the four 
roots 


= 


for which we can write 


where a and b in each case can be found numerically from J), ky, cy, 
ci, and w in the simplest manner semigraphically in the complex 
plane diagram, but for the sake of completeness they are given 
explicitly 


phase with and in quadrature to the motion 


at the other end. In the undamped case, © = 


there are certain frequencies w for which 
the remainder torque becomes zero, which 2 
means that the system can have a steady- 
state vibration without any external exci- 
tation. With the presence of damping, this obviously can no 
longer be the case. The remainder torque never becomes zero, 
but, for certain values of w, it becomes a minimum, and we may 
define these frequencies as the ‘damped natural frequencies,”’ 
which for small damping differ but slightly from the undamped, 
true, natural frequencies. 

This modified form of the Holzer table appears in a few ex- 
amples later in the paper. 


4 Systems Wirn UntrorMiy Distrriputep INERTIA, ELAs- 
TICITY, AND DAMPING 


The differential equation of torsional vibration for a shaft with 
uniformly distributed inertia, elasticity, internal and external 
damping is 


5’ A similar result is shown in Equation [24] of the paper, ‘‘Tor- 
sional Vibration in Geared-Turbine Propulsion Equipment,” by H. 
Poritsky and C. 8. L. Robinson, Journal of Applied Mechanics, Trans. 
A.S.M.E., vol. 62, 1940, p. A-117! 


ky? + 


(9) 


+ 


ky? + 


Also from Equation [7] it follows that the ratio Po/Qo must be 


Cyiwp*? — Cyw 
kyp? 


and upon substitution of the values Equation [8a] for p this is 
found to be 


P. 

=" +j for the roots p = a + jb and p = —a — jb 
0 

Po 

Q. = —j for the roots p = a — jb and p = —a + jb 
0 


Thus the P and Q functions become 


Since from the physics of the situation the functions P and Q 


Q: 

: 
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must be real functions of z, it is useful to rewrite these expressions, 
splitting them into real and imaginary parts. After a little 
algebra Equations [10] can thus be written as 


P = cos br{A cosh ax + B sinh ar] + j sin br[C cosh ax 

+ D sinh az] 
Q = sin br[B cosh ax + A sinh ax] —j cos br[D cosh ax 

+ C sinh az] 


The integration constants A to D may be real, imaginary, or 
complex, but P and Q must be real. This can be accomplished 
either by making C = D = Oand A and B real, or also by making 
A = B =0, with C and D purely imaginary. Either supposition 
leads essentially to the same solution, which is 


¢g = [A coshar + B sinh az] cos bz sin wt 
+ [A sinh ax + B cosh az] sin br cos wt........... {11] 


in which A and B are arbitrary (real) constants, while a and b are 
formally defined by Equations [9], although numerically they 
can be computed more easily from Equations [8] and [8a]. 

The constants A and B are determined by the condition of the 
end z = 0. For the usual case of a free end y’ = O and ¢ = 
1.000, we have 


¢ = 1.000[cosh az cos br sin wt + sinh ax sin br cos wt]. . [12] 


For the less frequent case of a built-in end or for an infinite fly- 
wheel at the end, the boundary conditions are ¢ = 0 and gy’ = 
1.000, so that 


1.000 
¢ = — > - [sinh az cos br sin wt + cosh az sin br cos wt] 
.. [13] 
The torque M(z) along the shaft in general is 
M(x) = kig’(z) + [14] 


and in particular for the case of a free end at x = 0 


M(x) = sin wt [(kya — web) sinh az cos br — (kyb 
+ wea) cosh ax sin br] + cos wt[(kib + wejia) sinh ax cos br 
— (kia — web) cosh ax sin [12a] 


For the case of a damped end at z = 0, we have 


sin wt 
M(x) = [(kia — cosh ax cos br 
S wt 
— (kib + sinh az sin br] + ((kyb 
Vat + 
+ wea) cosh az cos + (kia — we)ib) sinh ax sin br]... . [13a] 


To find the remainder torque or the amplitude at the end l of 
the shaft, the quantity x has to be replaced by J in Equations [12], 
[12a], [13], or [13a] as the case may be. 

It is important that the results of Equations [12], [13], [12a], 
and [13a] are all in terms of real quantities, immediately fit for 
numerical computations. The only complex quantities used are 
in Equations [8] and [8a] for the determination of aand b. The 
results so given are not in the form we are accustomed to for 
the nondamped case. It is possible to write the solution of the 
differential Equation [4] in a form directly comparable to the 
undamped case, but at the expense of being full of complex 
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quantities not directly fit for numerical computation. This form 
is written below for the case of a free end 


¢(r) = cos ¢g(l) = cos ® 


M() = [K + jwCi]® sin 


where 
— 
K + Jol i 
and 
K =k,/l = the system constants for the entire system of 
Co = leo \ length J. 


This result for zero damping reduces immediately to Lewis’ solu- 
tion. 


5 Examece With Discreet 


As a first example, consider the system in Fig. 2, consisting of 
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Fic. 3) REMAINDER TORQUE FOR VARIOUS VALUES OF DAMPING OF 
System 2 


four equal inertias of 104 lb-in-sec,? coupled by two stiffnesses of 
10° in-lb/radian, a stiffness of 0.5 X 10° in-lb/radian, and by a 
central dashpot of constant ci, which we propose to give several 
numerical values. For c; = 0, the system falls into separate parts 
with the one natural frequency w? = 200. For c¢ = ©, the two 
central masses are united, and the same motion at w? = 200 is 
possible, but in addition there is a natural motion with a node in 
the center at w? = 100. Table 1 is a sample Holzer table. 


TABLE 1 SAMPLE HOLZER TABLE FOR EXAMPLE WITH DISCREET MASSES¢ 


Iw? — jweo (Iw? — jweo)e k + z= 
No. 10° ¢ 108 =/10¢ 108 k + 
1 1.200 + 0.000; 1.000 + 0.000; 1.200 + 0.0007 1.200 + 0.000) 1.000 + 0.0007 1.200 + 0.000; 
2 1.200 + 0.0007 —0.200 + 0.0007 —0.240 + 0.000) 0.960 + 0.000) 0.500 + 1.0957 0.331 — 0.7257 
3 1.200 + 0.0007 —0.531 + 0.7257 —0.637 + 0.8707 0.323 + 0.870) 1.000 + 0.0007 0.323 + 0.870) 
4 1.200 + 0.0007 —0.854 — 0.1457 —1.025 — 0.1743 


@ In this table cy = 105; w? = 120; w = 10.95. 
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The absolute value of the remainder torque is 
| —0.702 + 0.696j | 10° = 0.988 x 108 


plotted as point A in Fig. 3. 

The results of a large number of similar calculations are shown 
likewise in that figure, from which it can be seen that c = 10‘ is a 
“small” damping; c = 10° is a “large”? damping, while c = 10° is 
an intermediate value. 


6 Wirn Untrormiy Distrripurep CHARACTERISTICS 


Consider a system of six equal inertias, each J = 10% lb-in-sec?, 
coupled by five shafts each of k = 10’, having dashpots c. from 


TABLE 2 SAMPLE HOLZER TABLE FOR EXAMPLE 


Holzer table, we find by graphical construction and computation 
in the complex plane from Equations [S8]and [8a] 


al = 1.914 bl = 0.355 


Substituting these values into Equation [12] and using tables for 
the hyperbolic and trigonometric functions, we can plot the shape 
¢(x) of the vibration and compare it with the result ¢ in the third 
column of the Holzer table. In Fig. 4, the real (in phase) and 
imaginary (in quadrature) parts of the two solutions are plotted, 
and it is seen that very good agreement is obtained if each dis- 
creet inertia is placed in the middle of the corresponding dis- 
tributed length so that the distributed shaft protrudes half a 


WITH UNIFORMLY DISTRIBUTED CHARACTERISTICS? 


Tw? — jweo jweo k + j wei _ 

No, 108 108 108 k + jw wet 

1 1.000 — 0.316) 1.000 1,000 — 0.316; 1.000 — 0.316) 10.000 + 0.632); 0.098 — 0.0387 
2 1.000 — 0.316) 0.902 + 0.038) 0.914 — = 247) 1.914 — 0. 563) 10.000 + 0.6327 0.187 — 0.0687 
3 1.000 — 0. 316) 0.715 + 0.106) 0.749 — 0.120) 2.663 — 0.683) 10.000 + 0.6327 0.261 — 0.0857 
4 1.000 — 0 316) 0.454 + 0.191) 0.515 +0 047) 3.178 — 0.636; 10 000 + 0.632) 0.312 — 0.083; 
5 1.000 — 0.316) 0.142 + 0.274) 0.228 + 0.2297 3.406 — 0.407) 10.000 + 0.6327 0.336 — 0.0627 
6 1.000 — 0.316) —0.194 + 0.336) —0.089 + 0.398) 3.317 . 468 


2 In this table, J = 103; k = 107; co = 10!; cy = 2 K 104; w? = 1000. 


each inertia to ground and dashpots ¢, between inertias. Table 2 
is asample Holzer table for this problem. 

The engine can also be considered as a uniformly distributed 
beam and treated by means of Equations [12], [12a], [8], and 
[Sa] in which, by taking the length of one crank throw as the 
unit of length, we have 


I, = 10° kh, = 10’ Cn = 104 Ci = 2 X 104 l=6 
Assuming the same frequency w? = 1000 as in the previous 
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Fic. 4 or ViBRATION OF UnirormM Srx-Mass Dampep 

System, CALCULATED BY EquaTIon [12] Lines, AND BY THE 
Houzer TABLE IN CIRCLED Pornts 


crank throw beyond the first and last inertias. Also, by sub- 
stituting into Equation [12a], the shaft torque distribution is 
found as a complex quantity, which should be compared to the 
fifth column in the Holzer table, and again Fig. 5 shows good 
agreement. 

The remainder torque of the system was calculated for a range 
of frequencies by means of Equations [12a], [8], and [Sa], and 
the result is shown in Fig. 6. The damping in this case is so large 
that the second critical frequency is hardly recognizable. 
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(Curved line is Equation [12a], and stepped line is the Holzer table.) 
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Fig. 6 REMAINDER TORQUE PLOTTED VERSUS SQUARED FREQUENCY 
FOR A UNIFORMLY DISTRIBUTED SYSTEM 


The system was again calculated for a damping 4 times as small 
internally as well as externally, and the remainder torque is 
shown in Fig. 7. In this case the shape of the vibration is not 


JOURNAL OF APPLIED MECHANICS 


DECEMBER, 1946 


7 
| 
| rio 7 | = | 
3 | 
| | 
x k, = /o” | + 
4 | 
- | | \ / 
4 T 
| | | 
2 4 not \ 
| 4 in? x 
Fig. 7 Same as 6, Except DampinG 1s 4 Times SMALLER 


seriously affected by the damping, and it has been verified that 
the remainder torques at the two natural frequencies w? = 2730 
and w? = 10,920 can be calculated with reasonable accuracy -by 
the familiar method of dissipation-energy input-balance. How- 
ever, this is not so for Fig. 6, and it is for such cases of large damp- 
ing that the method just described becomes useful. 
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Orthogonal Functions Used in the Solution 
of Linear Difference Problems 


By S. U. BENSCOTER,' HAMPTON, VA. 


A method of solution of linear difference equations is 
presented in which the solution is assumed in terms of a 
finite set of orthogonal functions which satisfy the boun- 
dary conditions. A formula for the latent roots of the 
matrix of the system of equations is obtained. A simple 
formula is then derived for the reciprocal matrix in terms 
of the latent roots and latent vectors. A simple numerical 
example is presented. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


bending moment 

an integer 

number of support 
primary flexibility 
secondary flexibility 
angular dislocation 
latent root 


n= 


n 
2 
5 


INTRODUCTION 

The possibility of expressing the reciprocal of a matrix in terms 
of its latent roots and vectors is well known. The use of this 
procedure in solving a system of nonhomogeneous linear algebraic 
equations has found little practical application. This is due to 
the fact that there are many methods of solving such a system of 
equations, and of computing the reciprocal matrix, which require 
less time. However, in the case of linear difference problems, the 
use of the latent roots and vectors may provide a more rapid 
method of determining the reciprocal matrix than any other 
available procedure. This is due to the fact that a simple formula 
for the latent roots can be developed for a certain class of prob- 
lems. The use of orthogonal functions, which are the latent vec- 
tors of a matrix, in the solution of general indeterminate struc- 
tures has been developed by Prof. J. B. Wilbur.?- The method of 
solution to be presented will be given in application to a specific 
problem in structural analysis rather than using generalized 
mathematical form. 


DIFFERENCE EQUATION AND BOUNDARY CONDITION 


In the analysis of a continuous beam resting on a series of sim- 
ple supports, which are fixed against translation, an equation of 
three moments may be associated with each support, except the 
first and last supports. A difference problem arises when every 
beam span is of identical physical construction. The individual 
spans need not be prismatic or symmetrical about their own 


1 Structural Engineer, N.A.C.A., Langley Memorial Aeronautical 
Laboratory, Langley Field, Va. 

2 “Characteristic Redundants Used for Analyzing Statically In- 
determinate Structures,’’ by J. B. Wilbur, Proceedings of the A.S. 
C.E., vol. 70, 1944, pp. 829-851. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1947, for pubkcation at a later date. Discussion 
received after the closing date will be returned. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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center lines. Consider the two spans adjacent to the support 
numbered x of a beam of many spans as shown in Fig. 1(a). 
The flexibility matrix for each of the spans is shown. The flexi- 
bility matrix is symmetrical in accord with Maxwell’s law of 
reciprocal displacements. The equation associated with the sup- 
port numbered z is 


ymz-1 + (dg + o)m, + ymr+1 = 


The quantity 6, is the angular dislocation which would occur at 
the x th support if the beam were cut at this support, and the 
two adjacent supports, to give simple beam action in the two 
adjacent spans. This angular dislocation is illustrated in Fig. 
1(5). 

The boundary conditions may be explained by reference to the 
three-span beam shown in Fig. 2. The loading is arbitrary. 
The determinate, indeterminate, and resultant moment diagrams 
are shown. It is apparent that the boundary conditions on the 
set of joint moments, which are governed by the equations of 
three moments, are that the value at the first and last support 
shall be zero. If z is the number of the support, the boundary 
conditions are that m, = Owhenz = Oandz = 3. The functions 


sin = satisfy these conditions for all integral values of n. 


METHOD OF SOLUTION 


The method of solution will be explained by reference to a four- 
span beam as shown in Fig. 3(a). The solution may be assumed 
in the form 


The number of terms in the series to be used is equal to the num- 
ber of unknowns to be determined. Equation [2] corresponds to 
three linear algebraic equations which may be written in the 
following matrix form 


mM, w/4 24/4 ay 
m, | =-sin| 27/4 I] |........ [3] 
37/4 67/4 
V2/2 1 V2/2 [a 
= 1 0 —1 |}... 


V2/2 —1 


The m, values are hereby expressed as linear functions of the a, 
values. It will be necessary to have the a, values expressed as 
linear functions of the m, values at a later step in the analysis. 
Solving for the a, values in terms of the m, values is greatly 
simplified by the fact that the columns of the square matrix of 
coefficients are orthogonal column vectors. This is true because 
the solution has been assumed in terms of orthogonal functions 
which have been evaluated only at equally spaced values of the 
angle variable. 
Equation [4] may be written in contracted matrix form as 
where [m] is the column vector of m, values, [a] is the column 
vector of a, values, and [S] is the square matrix of coefficients. 


It should be noted that the matrix [S] is symmetrical and that all 
of its column vectors have the same norm, and hence the same 
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normalizing factor. Because of these facts the product ot [S] by 
itself gives a scalar matrix which may be written as a scalar factor 
times the identity matrix 


This equation is easily checked by using the “row by column” 
rule for matrix multiplication. Multiplying Equation [5] 
through by [S] gives 


[S][m] = 2[J] [a] = 2fa]............... [7] 


Thus it is seen that the a, values are expressed as linear functions 
of the m, values by a set of coefficients which are just one half of 
the values of the elements of [S]. 

In order to substitute the assumed solution into the difference 
equation, it is necessary to compute m,-; and m:+;. This is 
done by substituting z — 1 and x + 1 into Equation [2] for z 


mz-, = sin —— cos — cos — sin - 
4 4 4 4 


sin - {10} 
4 


Substitution of Equations [2], [9], and [10] into Equation [1] 
gives 


Mr+, = La, sin cos + cos 


(da + 2a, sin — + 2yZa, cos — sin = —6,.. [11] 
4 4 4 
Combining terms gives 
nr\ | 
Za, | + + 27 cos — sin — = {12} 
4 4 
Let = +o, + 2y cos [13] 


This equation corresponds to three linear equations expressing 
the 5, values as linear functions of the quantities a,\,. The 
coefficients of these linear equations again form the matrix [S]. 
In expanded matrix form the equations may be written 


V/2/2 1 V/2/2 ar, 
V2/2 —1 V2/2 63 


In contracted matrix form this equation becomes 


The column vector [a\] must be separated in the following 
manner 


ari O]] q 
[ad] = | aro} 0 Az Of] ae | = [A]fa]..... [17] 
A3A3 0 0 As a3 


The matrix [A] is a diagonal matrix of \,, values. Equation [16] 
becomes 


[18] 


The column vector [a] may be eliminated by substituting Equa- 
tion [8] 
1/2[S] [A] [S] [m] = —[6]............... [19] 


Inspection of the columns of [S] shows that the normalizing 
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factor is 2. It is convenient to introduce the matrix [7'] 


defined by 

The matrix [7'] is its own reciprocal as may be seen from Equation 
16 


The columns of [7'] are orthonormal (normalized orthogonal) 
column vectors. The matrix [7'] is called an orthogonal matrix, 
although it would seem more reasonable to call it an orthonormal 
matrix in agreement with the type of column vectors which it 
contains. 

Equation [19] may now be written 


(T] [m] = —[8]............... [22] 
It is now necessary to return to the original system of equations 
which is to be solved. Referring to Equation [1], it may be seen 


that the system of equations may be written in the following 
matrix form 


y O my 
y Me | = & }........... [23] 
0 7 63 


This matrix equation may be written in the following contracted 
form 


In this equation [] is the square matrix of coefficients. Com- 
paring Equation [25] with Equation [22], it is seen that the 
matrix [] has been replaced by a product of matrixes 


[26] 


From this transformation it is seen that the matrixes [#] and [A] 
are similar. Hence the diagonal elements of [A] are the latent 
roots of {@], and the columns of [7'] are the latent vectors of [#]. 
In characteristic value problems, which are governed by homo- 
geneous equations, the latent roots of the matrix are very useful 
in obtaining the solution and are given by the simple formula of 
Equation [13]. In the present problem, the elements of [5] are 
considered to be a set of unrelated constants which are not a func- 
tion of the independent variable. A solution for [m] in terms of 
[5] involves the use of the reciprocal of the coefficient matrix [#]. 
Multiplying through Equation [25] by [#]~! gives 


= [27] 


A convenient formula for the rapid calculation of [®]~! is ob- 
tained from Equation [26]. A law of matrix algebra states that 
the reciprocal of a product of matrixes is equal to the product of 
their reciprocals in reverse order. Since [7’'} is its own reciprocal 
the formula becomes 


The reciprocal of a diagonal matrix is obtained by replacing each 
diagonal element by its own reciprocal. Hence [A]~! is given 
in expanded form as follows 


0 
0 I1/s 


Thus it is seen that a simple and rapid method of computing 
the reciprocal matrix becomes available through the use of ortho- 
gonal functions. The practical benefit of the method shows up 
more effectively with higher-order difference equations. The 
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final formula for [m] is obtained by substituting Equation [28] 
in Equation [27] 


= —[T] (7) 8)... .. (30) 


It is of interest to note that the matrix [7] is a standard universal 
matrix applicable to all beams. The effect of the physical 
properties of the beam is contained entirely in [A]~! which may be 
quickly computed for any given beam. 


NUMERICAL EXAMPLE 

Consider the four-span beam shown in Fig. 3(b). <A set of 6 
values is shown directly beneath the intermediate supports. It 
is assumed that these values have been computed from the load- 
ing and beam properties. The flexibility values for a span are 
assumed to be as shown in the matrix beneath the beam. The 
individual beam spans are assumed to be nonprismatic but sym- 
metrical about their own center line. This means that ¢, = 95. 

The system of equations to be solved is as follows 


18.4 4.2 0 my, 4 
4.2 18.4 4.2 || mz |= —] 6]........ [31] 
0 4.2 18.4 ms 
The matrix [7] may be determined as 
0.5 0.707 0.5 
[T] = | 0.707 0 —0.707 |........ [32] 
0.5 —0.707 0.5 


The latent roots are computed as 


18.44+8.4 cos = 24.34 

A = 18.4+ 8.4 cos 5 = 18.4 
3x 

3s = 18.4 + 8.4 cos = 12.46 


Calculating the reciprocals of these numbers gives the matrix 


0.0411 0 0 - 
[AJ-! =] 0 0.0548 [33] 
0 0 0.0803 
The reciprocal matrix is computed in two steps 
0.205 0.290 0.0205 
[A]-"[T] = | 0.0384 0 —0.00S |...... [34] 
0.0401 —0.0567 0.0401 
0.0574 —0.0139 0.0032 
= [T][A]~'[T] = | —0.0139 0.0606 —0.0139 |[35 
0.0032 —0.0139 0.0574 
The bending moments are given by 
mz | = — 6 | = —] 0.2663 |........ [36] 
ms 3 0.1016 


For any other loading condition a new set of [5] values can be 
determined and multiplied by [#]~! to obtain an immediate 
solution. 

CONCLUSION 


By assuming the solution of a linear difference problem in 
terms of appropriate orthogonal functions, which satisfy the 
boundary conditions, a simple method becomes available for com- 
puting the latent roots and vectors of the matrix of the system 
of equations. The transformation matrix of latent vectors is a 
universal matrix of elements which are not dependent upon the 
properties of the structure. The reciprocal matrix may be com- 
puted rapidly from the latent roots and vectors. 
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A Note on the Damped Vibration Absorber 


By JOHN E. BROCK,' ST. LOUIS, MO. 


N THE following, formulas for optimum damping for three 
cases of the dynamic vibration absorber with damping are 
presented and the method of derivation is indicated. The 
writer is prejudiced against notes and papers which are not self- 
contained and self-explanatory; in the present instance, how- 
ever, it would require twenty paragraphs of material readily 
available elsewhere to introduce three paragraphs of new results. 
Accordingly, reference is made to the book, ‘“‘Mechanical Vibra- 
tions,” by J. P. Den Hartog.?. Using the notation employed by 
Den Hartog, and referring to the figures accompanying his text, 
the following remarks apply: 
1 Case of Optimum Tuning. In this ease, f = 1/(1 + xu), and 
the abcissas of points P and Q of the (g, 2/2.) diagram are, 
respectively 


1+u 
while the common ordinate is 


= 


In order to cause the curve of (x:/x,,) vs. g to pass horizontally 
through point P, we first require that it pass through a point P’ 


of abscissa g = \' V u/(2 + +6 


2 
\: + -, and then let 5 approach zero as a limit. Solving Den 


and ordinate = 


Hartog’s equation [57] for (c/c,)?, we get 


4g?{ [1 — (1 + 1} 


. [3] 


Ifg = 1 V u/(2 +») + (11/24) = += is substi- 


tuted in Equation [3], we obtain a result of the form 
(<) _ Ao + Aid + + Ad? +... 

Bo + Bib + Bob? + Bs? +... 


‘ 
Since Equation [3] assumes the indeterminate form 0/0 if 6 = 0, 
it is clear that Ag = Bo = O and that our desired result is given 
by 


1 Instructor in Applied Mathematics, Washington University. 

2‘*Mechanical Vibrations,”’ by J. P. Den Hartog, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1940, pp. 115-129. 

Contributed by the Applied Mechanics Division for presentation 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1947, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Performing the indicated operations and rationalizing the re- 
sult, we obtain 


+ 


(c/c) (6 
By asimilar process, we obtain 


8(1 + »)* 


for a horizontal tangent at point Q. Clearly, a convenient 
average value is 


3u 
(c/co) 8(1 + [8] 
2 Case of Constant Tuning. In this case, f = 1, and the 


abscissas of points P and Q are, respectively 


while the ordinates are, respectively 


ry 1 


(Lt 

It is seen that the ordinate of point P is greater than that of point 
Q. Accordingly, it is desired that the (g, x:/z,,) curve pass hori- 
zontally through point P for optimum damping. Employing the 
process used previously, we cbtain 


u(3 + + V u/(2 + »)] 


8(1 + 


(c/cy)? = 


3 Case of Lanchester Type Damper (Viscous Damping). In 
this case, f = 0, and the abscissas of points P and Q are, respec- 
tively 


= 0; ge = V2/(2 + [12] 


while the ordinatesare 


() = 1; (=) {13 
Ta/g=n 


Employing the process used previously in order the make the 
curve pass horizontally through point Q, we obtain 


1 
(c/)” = +m) @ 4H) 


for optimum damping. 
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An Improved Fuse Escapement for the 


Mark 18 and Other U. 8S. Navy 


Mechanical Time Fuses 


By F. G. KELLY anv J. L. ZAR, WEST ORANGE, N. J. 


Theoretical shortcomings of previous Army and Navy 
fuse escapements are pointed out. The development of a 
new escape wheel and lever is described, in which spurious 
torques due to the fall of escape-wheel teeth against the 
pallets are eliminated; and a tooth shape is derived which 
delivers accelerating impulses symmetrically about the 
neutral position of the lever. Fuses with the new escape- 
ment have a timing rate which is independent of driving 
torque over the range of torques encountered; they can be 
assembled with one size of wheel and lever and with no 
hand-matching, function at low driving torques, and 
have given improved firing-test performance. 


HIS paper describes a revision of the conventional wheel 

and oscillating-lever type of time-fuse escapement. A 

typical mechanical time fuse is shown in Fig. 1 and its 
mechanism is illustrated by 
the schematic diagram, Fig. 2.? 
Fig. 3 shows the revised es- 
capement, approximately 4 
times full size, illustrating the 
working engagement. 

Development of this escape- 
ment was undertaken for the 
following reasons: 

(a) To Produce a Better 
Timekeeper. The rate of the 
original Mark 18 escapement 
is relatively sensitive to driving 
torque. Since the driving 
torque diminishes as the fuse 
runs out, there is a timing 
error which increases rapidly 
with the time of flight. Fig. 4 Fie. ] 
shows the timing error in 
seconds versus running time 
for an average Mark 18 fuse, operating at constant spin. The 
timing of this escapement varies between the curves “‘fast limit” 
and “slow limit” in Fig. 4.3 Since this characteristic is not the 


Typical MECHANICAL 
Time Fuse 


1 Thomas A. Edison, Incorporated. 

2 Acknowledgment is made to the Encyclopedia Britannica for 
permission to reproduce Fig. 2, which was taken from the Eneyclo- 
pedia, fourteenth edition, vol. 1, p. 826. 

3 The curve marked “‘fast limit’’ is the Navy’s fast tolerance limit 
at the time of this development. The-other two curves are taken 
from dynamie test data on actual fuses. In these, the initial rate 
was purposely made fast to compensate for the normal slowing of 
the escapement toward the end of its run. 

. Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1947, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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same for each fuse, there results a scattering of the firing time 
from this cause which may amount to +0.10 sec after 45 sec of 
flight. The new escapement was designed with a view toward 
minimizing the torque sensitivity or flattening the curve in Fig. 
4. 

(b) To Reduce the Cost and Time of Manufacture. The Mark 
18 fuse design required very exact escapement dimensions. 
In its manufacture, hand-matching of escape levers and wheels 
was required because, with the closest tolerances that could be 
maintained in production, the parts could not be made accu- 
rately enough. Ten sizes of wheels were necessary, varying in 
steps of 0.001 in. in diam. Selection of the proper size of wheel 
for each individual fuse was left to the judgment of a skilled 
operator. In those cases where a poorly matched escapement 
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was selected, the error was not detected until the fuse was com- 
pletely assembled and tested. Consequently, there was a small 
percentage of rejects due to faulty escapements which had to be 
reworked. The second object of this development was to ob- 
tain an escapement in which a single size of wheel would serve for 
all fuses. 


‘In actual firing, the dispersion in timing is more than this due 
to the effects of centrifugal force, which diminish during fuse flight. 
These effects are important but are not discussed in this report be- 
cause those parts which are sensitive to spin were not changed. 
The new escapement has approximately the same spin dependence 
as the Mark 18. 
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DEVELOPMENT 


This work has been limited to revisions of the standard fuse 
escapement because it was necessary to incorporate the results 
into large quantity fuse production with a minimum of changes. 

The first considerations were toward developing the best pos- 
sible time-keeping properties. Later considerations were to- 
ward producing the broadest and deepest tooth which the pallet 
amplitude would permit, and the least critical tooth form. These 
last objectives were to minimize the effects of manufacturing 
variations on the operation of the escapement, and to obtain the 
maximum possible depth of engagement for maximum safety of 
operation. 

In a fuse, the escape lever and hairspring approximate a simple 
harmonic oscillator maintained in continuous oscillation by 
impulses supplied through contact of the escape wheel with the 


JOURNAL OF APPLIED MECHANICS 


DECEMBER, 1946 


pallets. It is well known (1, 2, 3)° that if the frequency of a me- 
chanical oscillating system is to be made independent of varia- 
tions in driving force, the driving impulses should arrive, on the 
average, when the mass is passing through its neutral position. 
This is the position of greatest velocity when the lever is moving. 
It is also the rest position when the lever is stationary. If this 
condition is met the frequency of oscillation is independent of 
the driving force and the escapement is a good timekeeper. 
Analyses of the Navy and Army escapements have been made 
to determine how the driving impulses act and any other causes 
for their relatively high sesnsitivity to variation in driving torque. 


Mark 18 orn Navy EScCAPEMENT 


A limited analysis of the Mark 18 escapement for causes con- 
tributing to its torque sensitivity is given here. Reference is 
made to Fig. 5 in which the escape pallets are shown in their 
neutral positions. The escape-wheel teeth are shown in a posi- 
tion where the trajectory of the tips of the pallets can touch the 
base circle.6 Left and right sides are both shown in this same 
phase of escapement for convenience, but are actually '/; cycle 
apart in time. 

In the Mark 18 escapement there are several impulses of 
momentum delivered to the lever during each oscillation cycle. 
What may be thought of as the normal driving impulse is the 
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force of the escape-wheel tooth against the pallet as the curved 
portion of the tooth moves under it. Torque on the lever results 
from the slope of the tooth contour. Referring to Fig. 5, it will 
be seen that the curved or working portion of the tooth occurs 
almost entirely above the neutral circle. This means that the 
working impulses do not occur at the neutral circle but above it. 
Therefore, if these were the only impulses acting, the escapement 
would be highly torque-sensitive. As will be seen later there are 
other types of impulses present and the over-all torque sensi- 
tivity of the escapement depends upon the general effect of all. 
Another and large impulse of momentum results from the fall 
impact of a tooth against a pallet. This follows the escape of 
another tooth from the opposite pallet. Unless the line of action 
of this fall impact passes through the center of rotation of the 
escape lever, it will affect the oscillation frequency. An analysis 
was made to determine the direction of action of the fall-impact 
force. This involved factors such as the coefficient of fric- 
tion, the direction of motion of the lever, and the relative veloc- 
ity of the teeth and pallets. Some of these factors are uncer- 


’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

6 The phrase “‘base circle’ is used here in the same sense as in 
gear-tooth design. It is the circle at which the generated tooth con- 
tour starts. In this case it intersects the points beyond which the 
tooth begins to escape beneath the pallet. 
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tain and the conclusions are only approximate, but it appeared 
that the most probable direction of the impact force is the vector 
/ in Fig. 5. This is in the direction of motion of the escape-wheel 
tooth, at right angles to the radius of the wheel at the point of 
impact. 

Fall impact on the left pallet occurs at a variable point, NV, 
anywhere along the straight portion of the tooth depending upon 
the operating torque on the wheel. At the right pallet the fall 
occurs always at the same point, M, on the base circle, because the 
tooth is sufficiently undercut for the right-hand angular position. 
Fall impacts contain a great deal of momentum due to the large 
angular distance through which the escape wheel has accelerated 
before being stopped. They occur at a time when the escape lever 
is about farthest from its neutral position, and in the Mark 18 fuse 
exert a large and variable clockwise moment about the escape- 
lever center, hence are a major factor contributing to the torque 
sensitivity of the escapement.? 

To summarize, the major impulses which drive the escape lever 
of the Mark 18 fuse are as follows: 

1 The normal driving impulses, which are clockwise for the 
left pallet and counterclockwise for the right, supply momentum 
to the lever. These occur outside the neutral circle. 

2 The fall impulses partly cancel each other because the 
one on the left side drives the lever while the right one retards it. 
They occur within the neutral circle. The left impulse originates 
from a variable point on the tooth, but the right one originates 
from a fixed point. 

3 The absence of a true ‘“‘dead-beat’’ action on the left pallet 
due to the forward slope of the straight portion of the tooth con- 
tributes two additional clockwise impulses to the left pallet 
There is no counterpart for the right pallet. 

The torque sensitivity of this escapement is attributable to the 
fact that the net resultant of these several impulses varies in 
amount and direction with the driving torque, and does not in 
general average about the neutral position of the lever. 


Mark 22 or U.S. EscapeMENT 


Fig. 6 is a layout of the Army escapement similar to Fig. 5. 
The normal driving impulses very nearly straddle the points of 
maximuin velocity of the pallets. This is shown in Fig. 6 
by the neutral circle intersecting the working face of the tooth 
near its mid-point. However, as in the Mark 18, there are the 
same off-neutral fall impulses, 7. This escapement is an im- 
provement over the Mark 18 in that both fall impulses occur on 
the base circle. There are no impulses due to imperfect dead- 
beat action. For this reason, it is probably a less erratic escape- 
ment. This fuse is also relatively torque-sensitive. 

New EscarpeMeNtT 

After the foregoing analysis to determine the possibility for 
improvement in existing escapements, a new design was under- 
taken. An analysis of the new escapement, similar to those in 
Figs. 5 and 6, is shown in Fig. 7 and the component parts are 
illustrated in detail in Figs. 10 and 11. The new escapement 
was designed according to the following principles: 


1 Location of the wheel and level centers in the fuse plates 
and the center distance were not changed so that the remainder 
of the fuse would be unaffected by changes in the escapement. 

2 The leading edge of the escape tooth was undercut suf- 
ficiently to cause the fall impact to occur at the point P on the 
base circle under all conditions. 


7 This explains the tendency of the Mark 18 escapement to lock 
on its right pallet under excess operating torque. The strong coun- 
terclockwise fall impulses throw the lever into deep engagement on 
its right side where a small amount of friction stops the motion 
completely. 


3 The base circle of the wheel was located with respect to 
the centers of the wheel and lever so that the line of action of the 
fall impact /, taken in the direction of motion of the tooth, passes 
through the center of rotation of the lever. This prevents the 
fall impacts from producing driving torques and disturbing the 
frequency of oscillation. 

4 An escape tooth form was derived as outlined in the next 
section. It delivers an efficient impulse over the major part of 
the curved portion of the tooth. It was made as broad as pos- 
sible, consistent with the amount of space available, so as to ob- 
tain a maximum depth of engagement for reasons of safety. 

5 The tips of the pallets were located so that the normal ac- 
celerating impulses occur symmetrically about each side of the 
neutral circle, that is, the neutral circle was made to intersect 
the curved portion of the tooth at the mid-point of the angle sub- 
tended by the radii OP and OR from the center of the lever to 
the ends of the curved portion of the tooth. 

6 In designing the escape wheel, it was desirable to have as 
many teeth as possible and still allow free pallet action with ade- 
quate tolerances. These considerations permitted up to 24 
teeth, but the number chosen was 20 to allow an easy change-over 
in the dynamic test equipment used with the former 30-tooth 
escapement. 

7 In order for the new fuse with two thirds as many teeth 
to run as long as the Mark 18 (45 sec), it was necessary to reduce 
the oscillation frequency of the escapement proportionately. 
This was done by adding weights to the ends of the lever and keep- 
ing the same hairspring. 
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8 The manufacture of the new lever was simplified by mak- 
ing the pallets straight-sided instead of cylindrical and by swag- 
ing rather than grinding the angle of their back surfaces. (These 
are the surfaces which operate against the angles of the back 
sides of the escapement teeth during reverse running of the fuse 
when it is being wound.) 

9 In adapting the new escapement to the Mark 18, a small 
amount of routing was necessitated in the No. 2 plate to clear the 
weights added to the lever. 

10 Since the new escapement operates at 108.8 cycles per sec 
instead of 163.2, the dynamic test equipment was changed to 
accommodate the lower oscillation frequency. The same fuse 
standards and test tables were used, but the signal amplifier and 
the first stage of multivibrators driving the printer bar were 
tuned to 215 cycles per sec. Thus the dynamic test tapes ob- 
tained with the new fuse were identical in appearance and inter- 
pretation with those obtained for the Mark 18. 


DERIVATION OF EscAPE-WHEEL TootH 


The tooth form was designed to transfer energy from the 
wheel to the lever efficiently and to produce the driving impulses, 
on the average, when the lever was passing through its neutral 
position. To transfer energy efficiently, the time of contact of 
the pallet with the tooth during the escape phase was made as 
long as possible by providing a broad tooth. To place the im- 
pulses properly it was not sufficient to use the geometrical layout 
as explained in item 5 previously. It was also desired to have a 
tooth form which would apply approximately a constant force to 
the escape lever during the entire time that the pallet and tooth 
are in contact. 

The form for the escape surface is derived by assuming a wheel 
accelerating from rest under a uniform torque, a pallet traveling 
with uniform angular velocity, and by tracing the curve de- 
scribed by the pallet contact point M on the wheel. Assumption 
of a uniform angular velocity for the pallet is not strictly correct, 
but the approximation has not led to serious error as can be 
judged from the test results. 

In order to simplify the discussion, losses in the oscillating 
lever will first be neglected. Following this treatment the de- 
rived tooth form will be corrected for these losses in a manner to 
be described. 

In the derivation, reference is made to Fig. 8 and the follow- 
ing nomenclature is used: 


r = mean wheel radius at curved portion of tooth 

6 = angle turned by wheel from position where pallet tip M 
leaves point P on tooth, radians 

a = angular acceleration of wheel 

t = time, sec 

7 = moment of inertia of escape wheel and driving gears 

v = maximum velocity of pallet 

T = driving torque accelerating wheel 


Co-ordinates of the points M, zx, and y are not rectangular. 
They are measured along arcs about C and O, centers of the wheel 
and lever, respectively. The constant acceleration of the escape 
wheel leads to an equation for the z-co-ordinate of the tooth 


z= = '/, al% = 1/,Ttr/l............ (2) 
From the approximation of constant velocity of the pallet 
hence 
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The last equation shows the tooth form to be approximately para- 
bolic (approximate because the co-ordinates are not exactly rec- 
tangular). 

The tooth form is evaluated from Equation [4]. 
ment of the pallet is 


The displace- 


Fic. 8 GENERATION OF Escare Tootn Form 
(C is the center of the escape wheel; o is the center of the escape lever.) 


where A is the amplitude of the pallet oscillation and f is its fre- 
quency, 108.8 cycles per sec. The average value of lever ampli- 
tude ¢ for the Mark 18 fuse, as manufactured, was * 8deg. The 
least value which would fully uncover the light exit slot used for 
dynamic regulation, was +7 deg. The maximum amplitude al- 
lowed by stops was +18 deg. Because higher amplitudes en- 
hance the safety of a fuse, the minimum amplitude of oscillation 
of the new escapement was chosen as + 8.5 deg. Using R = 0.08 
in. for the radius of the point M on the pallet tip 


v = = 8.1 in. persec............. [7] 


The moment of inertia of the Mark 18 escape wheel and pinion 
plus the inertias of the next two gears of the train multiplied by 
the squares of their speed ratios to that of the escape wheel was 
calculated very carefully. This value, 90 per cent of which was 
in the escape wheel and pinion, was 


I = 7.2 X 10-* lb sq in = 0.021 gsqem........ [8] 


The inertia of the remainder of the gear train was negligible. 
The foregoing value of inertia is that which must be accelerated 
by the fuse torque in the operation of the escapement. The same 
value of inertia in the new escapement wheel was obtained by 
making it 0.012 in. thick instead of 0.010 in. thick, it being slightly 
smaller in diameter than the original wheel. 

The driving torque at the center shaft of the Mark 18 fuse, pro- 
duced by the centrifugal sectors and starting springs, is 3000 
gram-cm at the start of flight and 1100 gram-cm after 47 sec of 
flight. 

Calculation of the torque efficiency of the gear train under 
actual flight conditions was made and was found to be 28 per 
cent. Multiplying the central-shaft torque values by this factor 
and by the gear-train ratio (1/275), the actual torques applied to 
the escapement shaft are 3.1 gram-cm maximum, and 1.1 gram- 
cm minimum. The minimum of these torques, together with 
other numerical constants previously given, were substituted in 
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Equation [4] and numerical values of z and y obtained. These 
are plotted in Fig. 9, curve A, on curved co-ordinates having radii 
of curvature originating at the wheel center C and lever center O. 

The tooth form just calculated is based on the assumption 
of no frictional losses in the escapement. Actually, various 
losses cause the lever to lose momentum between impulses 
In order to maintain the oscillation it is therefore necessary for 
the tooth to exert torque on the pallets during each driving im- 
pulse. This consumes part of the driving torque. The net 
torque accelerating the wheel equals the difference between the 
gear-train torque and that absorbed by the lever. 

In order to maintain the same 8.5-deg minimum lever ampli- 
tude, it is necessary to correct the tooth form for frictional losses. 


202 INPUT 


r:200 


Fic. 9 CaLCULATED TooTH Form PLOTTED ON CuRVED Co-ORDINATES 


Referring to Equation [4], if v is to remain unchanged, y must be 
varied inversely as the square root of 7’, since r and / are fixed. 

Losses in the lever have been arbitrarily estimated to consume 
20 per cent of the driving torque. All ordinates of the tooth form 
must therefore be increased by 1/+/0.8 = 1.1. In Fig. 9 a cor- 
rected tooth-form curve marked ‘‘20 per cent input’”’ has been 
drawn with all ordinates increased 10 per cent over their no-loss 
values. 

In applying the 20 per cent input curve to the wheel, as shown 
in Fig. 10, the tooth form was approximated by a single circular 
arc of radius 0.020 in., terminating in a tangential line at 80 deg 
to the wheel radius. Due to manufacturing tolerances on so 
small a tooth, this approximation is adequate. 


Test RESULTS 


Three pilot lots totaling about 400 escapements were produced 
with parts as shown in Figs. 10 and 11 and put into Mark 18 
clock assemblies. These assemblies were given exhaustive labo- 

atory and firing tests. While the laboratory results were ex- 
cellent, the firing tests were at first disappointing as there were a 
number of duds and short-time firings. Trouble was traced to 
cap slippage and a mechanical interference with the W-74 safety- 
lever plate. Later, when this was corrected, the firing tests con- 
firmed the engineering conclusions as to the timekeeping ability 
and reliability of the new escapement. 

Characteristics, as revealed by tests on the pilot lots and by 
subsequent experience in production and use, are summarized as 
follows: 

(a) Timekeeping Ability. The effect of driving torque on the 
rate of the escapement is less than one tenth that of the original 
Mark 18 escapement. When plotted on the graph, Fig. 4, the 
average production fuse with the new escapement gives a straight 
line for the timing-error versus running-time curve. If the initial 
timing rate is adjusted correctly, there is no appreciable accumu- 
lated timing error. Even when the engagement was purposely 
mismatched to test the effect of tolerance extremes on perform- 
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ance, the variation in rate after 45 sec of running, as determined 
by dynamic test, was never more than 0.08 per cent. The ac- 
cumulated timing error was never more than 0.03 sec. 

(b) Reduction in Cost and Time of Manufacture. In the pilot 
lots of escapements, one size of wheel and lever was manufac- 
tured and assembled without selection. Likewise, in production, 
only one size of wheel and lever was manufactured. No hand- 
matching was used or required. Skilled operators were elimi- 
nated in escapement assembly with consequent speed-up of the 
operation and reduction of cost. 

In the final dynamic testing there were considerable savings 
due to increased rapidity of test and fewer retests. With the new 
escapement, the rate is inherently stable. The test operator was 
reasonably certain that if the initial rate were set correctly, the 
fuse would run well within tolerances. With the old escapement 
the rate was highly variable, and it was necessary for the operator 
to start the clock on the fast tolerance in order to fall within limits 
at the end of the run. There were 10 to 20 per cent of fuses 
which would not fall within the tolerance limits due to exces- 
sive change in rate. The borderline cases caused hesitancy and 
uncertainty and required retesting. The rejects had to be re- 
assembled with other escapements. 
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The manufacture of the lever was simplified and expedited by 
swaging the back angles of the pallets, which formerly had been 
ground, reducing the number of grinding operations and amount 
of handling. The manufacture and stocking of the wheel was 
simplified by a reduction from ten sizes and ten part numbers to 
one size and one part number. 

(c) Tolerance in Engagement. The following engineering 
test was made on the new design: In the escapement plates, 
saw cuts were made around the pivot holes for the escape wheel so 
that the center distance between wheel and lever could be ad- 
justed by bending the resulting ribs. A series of tests were made 
with center distances varying from 0.2090 in. to 0.2160 in. (the 
correct center distance being 0.2125 in.). Over the entire range, 
the escapement would run and could be regulated to give good 
timing. This represented a range of engagement which would 
have required fourteen sizes of escape wheels had the experiment 
been attempted with the old escapement. 

(d) Low Operating Torque. It was found that fuses with the 
new escapement would run full time with less than one half the 
normal operating torque. In the Mark 18 fuse, the available 
operating torque approaches. the minimum running torque for 
the old escapement. If under actual service conditions, the gear- 
train friction becomes excessive, there is the likelihood that the 
old escapement would fail to run full time. With the new escape- 
ment this danger is lessened. 

(e) Self-Starting Characteristic. The escapement was found 
to be self-starting for separations of the lever and wheel pivots 
ranging from 0.211 in. to the maximum that could be used. 
As soon as the normal torque is applied to the gear train, the 
majority of fuses with the new escapement would start to run. 
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However, because of the wide range of escapement engagements 
encountered in production, the centrifugal starting device found 
in the Mark 18 is still necessary for that fraction of the fuses which 
requires a flick for starting. The easier starting of the new es- 
capement contributes to the reliability of the fuse. 

(f) Firing Performance. After several months of production 
experience with fuses using the new escapement, a comparison of 
firing results with figures for the old fuse showed a dispersion in 
firing time at long settings of about one half the value of the older 
escapement. Out of 35 lots of fuses tested at the proving grounds, 
there was not a single dud. Several factors other than the timing 
of the escapement contribute to the dispersion in firing time. 
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Control and Prediction of Pulsation 
Frequency in a Duct System 


By W. R. HEATH! anv W. R. ELLIOT,? BUFFALO, N. Y. 


The authors present the results of studies on compres- 
sor-duct systems which are characterized by unstable 
operation over some portion of the performance curves. 
The principles of the Helmholtz resonator are explained, 
and the prediction of pulsations in a duct system may be 
developed by considering that,the system acts as a simple 
Helmholtz resonator. For certain cases electrical analogy 
is used to explain acoustical conditions in the duct. 
Methods of preventing pulsations are described. 


IRTALN compressor-duct systems exhibit unstable operat- 
ing characteristics over a portion of the performance curve. 
Compressors are usually selected for such a capacity that 

stable operation will be maintained; however, it is sometimes 
necessary to reduce the volume delivered beyond the critical 
point on the performance curve, witb the result that operation is 
unstable. 

A typical performance curve for a single-stage centrifugal com- 
pressor is shown in Fig. 1. That this compressor may be unstable 
in operation at any point to the left of the peak pressure and 
stable at any point to the right may be demonstrated as follows 

Consider the compressor to be operating at any point to the 
left of P, where an increase in static pressure is accompanied by 
an increase in capacity. If for any reason there is a slight rise in 
the static pressure against which the compressor is operating, the 
volume of air delivered will be increased. This increase in capac- 
ity results in a still further increase in static pressure creating 
even greater unbalance. Therefore the static pressure in the 
system is temporarily higher than that for the corresponding 
capacity on the compressor performance curve as, for example, 
at the point A. Conversely, if the static pressure is momentarily 
decreased, the resulting decrease in capacity causes a still further 
drop in static pressure, which is now less than the pressure cor- 
responding to the capacity on the performance curve, as at B. 

The actual operation of the compressor may be conceived to be 
not on the performance curve but around a loop close to the per- 
formance curve of the compressor. The minimum pressure 
which occurs during a cycle may be as low as the shutoff pres- 
sure, so that air flow through the compressor momentarily ceases. 
However, the pulsation, which occurs as the static pressure varies, 
may be of such high frequency or of such small magnitude that 
it is not detectable by the human ear. 

If the compressor is operating at any point to the right of the 
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Fig. 1 


peak pressure, operation may be shown to be stable by a similar 
method of reasoning, and pulsation does not occur. 


HrELMHOLTz RESONATOR 


When a compressor is operating on the unstable portion of its 
performance curve, the duct system to which it is connected acts 
as a Helmholtz resonator, and the frequency of the pulsation 
which occurs depends on the size and distribution of this system. 

A simple Helmholtz resonator (2, 3) is shown in Fig. 2. This 


Fic. 2. RESONATOR 


consists essentially of a relatively large volume Vo, connected to 
the outside through a neck of area S and length L. Such a reso- 
nator has practically uniform compressions and rarefactions in the 
main body, which is alternately compressed and expanded by 
movement of the air in the neck. The ratio of the area S to the 
length L of the neck is called the “conductivity” of the resonator. 
In the case of a circular orifice in the thin-walled chamber, the 
conductivity is equal to the diameter cf the opening. 

The frequency of pulsation of a simple resonator with dry air 
at 70 F is 


ag 
f 
2n LV 0 LV 0 
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where 
f = frequency of pulsation, cycles per sec 
S = area of neck of resonator, sq ft 


L = length of neck, ft 
Vo = volume of resonator, cu ft 
c = velocity of sound in air, fps 


From the form of the Helmholtz equation, it is apparent that 
the frequency of pulsation depends only on the three variables 
included in the equation and is independent of other quantities 
which may be variables in a duct system. It has been determined 
by both Lieberg (4) and Pochettino (5) that the shape of the ori- 
fice or neck has no effect except that a mouth with a large aspect 
ratio reduces the damping effect. 


PREDICTION OF PULSATION FREQUENCY 


The results of a series of tests conducted in the laboratory are 
given in Table 1. From this experimental work it has been 


TABLE 1 LABORATORY PULSATION TEST RESULTS 
EE 1025 | 280 19" 206 | 210 CF = J 
| 4 | 221 | 1a” | 234 | 229 
5 6 | 280 | 14° | 267 | 285 a 
6 | 221 | 14" | 302 | 296 
| 7 | 90 | 162 | 14° | 290 | 270 a | 
8 | 49 | 162] 14" | 392 | 400 Gu 
9 | 629 | 285 | 10° | 225 | 240 at 


10 | 387 | 285 | 10° | 255 | 20} 


found that the frequency of pulsation, if it occurs in a duct sys- 
tem, can be very closely approximated by considering that the 
system acts as a simple Helmholtz resonator. The following 
quantities may be substituted in the original Helmholz equation: 


S = area of small duct, sq ft 

D = impeller diameter, ft 

L = 27D plus length of transformation piece plus length of 
small duct, ft 

V, = volume of ductwork plus transformation piece plus 
compressor, cu ft 


The validity of the simple relationship established was subse- 
quently verified in several wind tunnels. The computed and ac- 
tual frequencies of same are tabulated in Table 2. It should be 


TABLE 2 WIND-TUNNEL TESTS 


—Frequency— 
Calcu- Ob- 
No. Installation Ss L id lated served 
1 Blower 25 66 7250 77.4 77-80 
2 Blower and exhauster 
(same unit as no. 1) 25 43 80500 28.7 27-28 
3 Two compressors oper- 
ating in parallel both 
exhausting from one 
chamber and blowing , 
into another 27 100 99000 23 21-26 


noted that it made no difference whether the volume V» was on 
the inlet or discharge side of the compressor or whether situated 
partly on both sides. 

One interesting observation was that no pulsation was detecta- 
ble until the static pressure was 8.9 in. of water or higher. At 
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and close to this pressure point, pulsations could be started by 
causing a slightly higher static pressure temporarily, but they 
quickly died away. It is probable that below this static pressure 
any incipient pulsations are damped out and this may explain 
why pulsation is not a problem in most ventilating systems. 

The one case for which the established relationship has not 
proved valid is when the compressor discharges into a long narrow 
duct with no “concentrated” volume. In this case, the frequency 
is invariably much higher than that predicted by the established 
empirical relationship. An explanation may be found in the 
analogous cases of electrical and acoustical phenomena. Accord- 
ing to Weinbach (6), “the natural or resonant frequency of an 
electrical circuit with distributed capacitance, as they occur, for 
example, in a line, is 57 per cent greater than the resonant fre- 
quency of a circuit having an eqpal capacitance as the line but in 
a ‘lumped’ form.” 

Based on this electrical analogy, the constant in the Helm- 
holtz equation should, for a long pipe of small diameter, be in- 
creased to 280 instead of 178. 

Borderline cases in both electrical and acoustical phenomena 
cannot be predicted with too great accuracy. By a borderline 
case is meant one in which the volume of the duct is partly dis- 
tributed and partly concentrated. For this case, the frequency 
will lie between that for a concentrated volume and that for an 
equal distributed volume. 

Of some interest is the fact that in the electrical system, those 
factors which have no effect on the frequency of pulsation have 
no effect in the analogous acoustical system. These may be listed 
briefly as follows: 


1 Variation in compressor speed or in the volume of air 
handied has no effect on the frequency. 

2 Variation in static pressure has no effect on f, except in 
that the pressure developed may be low enough that damping 
prevents audible pulsation. 

3 Introduction of a high resistance in either an electrical or a 
mechanical system is a method of preventing pulsation. 


The pulsations produced by a compressor-duct system are of 
particular importance when the frequency of the pulsations is low. 
At low frequencies, high-amplitude beats result in increased noise 
level and in considerable pressure variations within the duct sys- 
tem. These pulsations may be detected as individual beats by 
the human ear up to a frequency of about 450 per min. Above 
600 per min individual pulsations cannot be detected and are ob- 
jectionable only in that the noise level possibly may be increased. 

By predetermining whether or not pulsation is to be a problem, 
precautions may be taken to insure stable operation over the en- 
tire working range. 


PREVENTION OF PULSATION 


When required operating conditiOns are such that the static 
pressure must be maintained but at a volume below the critical 
volume, pulsation may be prevented by by-passing a portion of 
the air delivered by the compressor (7). 

For example, it may be necessary for the compressor to deliver 
a volume of air at the static pressure indicated by the point R, 
Fig. 3. In this case the volume at the point S may be delivered 
by the compressor at the required static pressure, the required 
volume admitted to the duct system and the excess volume, vol- 
ume S minus volume Fk, by-passed to atmosphere. This allows 
the compressor to handle a volume greater than the critical vol- 
ume and to operate on the stable portion of the performance 
curve. This system of bleeding the excess air delivered by the 
compressor is more wasteful of power than the other methods of 
control, as the power required remains constant for all volumes 
below the critical volume. It can, however, be applied to any 
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centrifugal compressor and has the advantage that it allows a 
The amount of air bled 
can be controlled by controlling the minimum velocity pressure 
at the inlet or discharge, or by controlling the horsepower input 
to the compressor. 


high static pressure to be maintained. 


A second method of pulsation control is to throttle close to the 
compressor and obtain a multiplicity of performance curves as 
indicated in Fig. 3. If control is to be obtained by throttling, the 
static pressure may be maintained constant over the major por- 
tion of the operating range, with the result that the controlled 
performance curve of the fan plus the damper can be represented 
by the line 7UV, Fig. 3. Use of a throttle either before or after 
the compressor results in increased resistance in the system with 
consequent reduction in efficiency. However, as throttling re- 
duces the horsepower required for a given volume, this method 
of control is less wasteful than bleeding. In the case of multi- 
stage compressors satisfactory control possibly may not be 
achieved solely by throttling because of the inherently large 
volume of the compressor, which itself may act as a resonator with 
a frequency low enough to be objectionable. 

Prevention of pulsation by the use of variable diffuser vanes 
after the compressor is an efficient control method. This consists 
of providing movable vanes which may be adjusted automatically 
By use of diffuser vanes, the static pressure is main- 
tained and regulation may be obtained nearly down to zero vol- 
ume. Regulation by diffuser vanes results in a series of operating 
curves for various diffuser settings, as shown in Fig. 4. The en- 
velope of these curves indicates the limit of stable operation for 
various settings of the diffuser. Diffuser vanes are applicAble to 


or manually. 
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both single-stage and multistage compressors. They require ad- 
ditional space and also have the disadvantage that they add to the 
initial cost of the compressor. They should be used only when 
conditions justify this additional cost. 

Other methods of control are by varying the speed by use of 
turbine drive or variable-speed motor, and by use of asubstage com- 
pressor ahead of the regular first stage (8). By this latter method 
when the volume required drops below the critical volume the ex- 
cess air required to prevent pulsation is by-passed to the inlet 
of the substage fan. Part of the energy in the otherwise blowoff 
waste air is put back on the shaft through this substage fan acting 
as an air turbine. 
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The Theory of Curved Beams 


BY G. C. BEST,' SAN DIEGO, CALIF. 


In this paper, the theory of curved beams is developed 
by a somewhat different procedure from that customarily 
employed. Deflections at the centroid are first assumed 
and then loads and stresses resulting from these deflec- 
tions are estimated. This process works out in a some- 
what more orderly fashion than the conventional de- 
velopment. Throughout, all measurements are to the 
centroidal axis rather than to the neutral axis. Final 
results are presented in such a form that satisfactory 
accuracy may be obtained from slide-rule computations 
and approximate integration. Hence the procedure is 
applicable to any section, it being unnecessary first to 
develop a special formula for each different section. An 
illustrative example is given. The theory is extended to 
cover the case of unsymmetrical bending of curved beams. 
The effects of torsion, which will probably also occur in 
the generalized case, are not treated. These can be 
superimposed upon stresses due to bending. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
A = area of cross section 
R = distance from center of curvature to center of gravity 
(CG) of section 
z = radial co-ordinate; positive outward, measured from 
CG of section 
P = axial load at centroid, positive when producing tension 
at centroid 
M, = moment about z-axis (i.e., having z-arm), positive when 
producing tension on positive side of z-axis 
M, = moment about z-axis (i.e., having z-arm), positive 
when producing tension on positive side of z-axis. 
M,, = moment about z-axis = M, 
Me = moment about z-axis = M, 
€ = strain at centroidal axis, positive for extension 
¢ = rotation about z-axis (through CG of section), positive 
when producing extension for positive z 
y¥ = rotation about z-axis (through CG of section), positive 
when producing extension for positive z 
E = Young’s modulus 


€ = Ee 
¢’ = Ee 
vy’ = Ey 

dA 

TR 

adA 

Q.' 

1 Red 


1 Stress Analyst. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1947, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


zdA 
Q,' = 
1 
+ R 
I,’ = aA = /,,’ (i.e., subscripts are similar to mo- 
. 
l = ment subscripts) 
R 
"dA 
R 
x2dA 
R 
a = A’ 
b = Q,’ 
c = Q,’ 
d = 7,’ 
D = determinant of system (refer to Equations [5}) 
e 
1 + e/AR? 


6 = distance from neutral axis to centroid of section, always 
positive 


INTRODUCTION 


In the following work the same assumptions are made as in the 
conventional development. In particular, radial plane sections 
remain plane, and stresses do not exceed the proportional limit. 
The centroidal axis of the beam considered lies in the (2, y) plane 
and the radius of curvature of this centroidal axis is R. Radial 
sections are all identical, i.e., the section is constant, though not 


ma 
xy 


1 
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necessarily symmetrical about the z-axis. Radial planes are 
passed through the beam at two adjoining points 1 in. apart on 
the centroidal axis, isolating a portion of the beam as shown in 
Fig. 1. Inner and outer edges have been altered into straight 
lines for simplicity since the effect of this change is negligible; 
i.e., involves only second-degree infinitesimals. 

Rotation About X-Azis. One face is then rotated relative to 
the other about the z-axis through an angle of ¢ radians. The 
stress at a point located a distance z from the z-axis is 


= 
Eze 1A 
= JS ord A = dA = Ee 
R 
Eels 
dA 
= ozdA = dA = Ee 
R 
= E¢l,’ / 


Rotation About Z-Axis. Similarly, if one face rotates relative 
to the other about the z-axis through the angle of y radians, the 
stress @ at a point a distance z from the z-axis and z from the z- 
AXIS 1S 


The resulting loads at the CG are 
Py = EyQ.’ My = Eyl’ 


Uniform Extension. If one face is moved away from the other 
a distance e without rotation, the stress at a point z from the z- 
AXIS is 


Muy = . [2] 


and resulting loads at the CG are 
P, = M, = Mia = EAQ,’...... [3] 


Relations Between Section Moments and Areas. 


to write 
24dA 
+2 


It is possible 


= R 
R+z 


The first integral 
hence 


2zdA 
= — 2 
RS 2A 


= 0 since z is measured from the centroid; 


R+z 
R 


or in the simpler notation 
= —Rc 


By similar manipulations all told there are the following relations 


=—Re a=—+A f=—Rb.......... [4] 


R? 
GENERAL FORMULAS 


Adding the loads at the centroid produced by deformations 
¥, gives 


P 
M, 


Py + Py + Po = ae! + by’ + cy’ 
Mre + May + May = be’ + dy’ + fo’ 
M, = Mz + Mig = ce’ + fy’ eg’ 


The determinant D of this system is symmetrical and reduces, in 
view of Relations [4], to 


Adding stresses due to all three displacements gives 


1+ R 


Solving Equations [5] for e’, ¥’, ¢’ and making use of Relations 
gives 


Ae Af 
8 
v D D [8] 
P Af 1 Ad 
—— M, 
(Fat 


Inserting these values in Equation [7] and rearranging gives 


R R 
— 
x —— M,..[9] 
(de — f*) 
It can be seen that for an axial load alone the stress is constant, 
i.e, ¢ = P/A. For the case R = © (i.e., a straight beam), 


Equation [9] simplifies into Swain’s formula (1),? consideration 
being given to the difference in definitions in terms and sign 
conventions. 


SYMMETRICAL SECTIONS 


If the section is symmetrical about the z-axis and M, = 0, 
Equation [9] simplifies considerably since b = f = 0. In this 
case, neglecting the term involving P, Equation [9] becomes 


1 


o = M,| 
(1+Z)¢ 


AR 
? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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‘The resulting loads at the center of gravity (CG) of the section are ee =: 
Py = odA -dA = 
2 2 

R R | 

1+ 2 
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This corresponds to the form in which this formula appears in 
reference (2). 

Or the stress may be expressed in the following form, corre- 
sponding to reference (3) 


+ 5) 


r(i+z) 


14 e/AR? 1+ 1,'/AR? 


where 


and = distance from centroid to neutral axis; always considered 
positive 


The curved-beam factor K of reference (2) becomes 
I(1 + 6/z) 
K m ——........ fll 
+ 2/R) 


These relationships may be obtained by setting « = 0 (neutral 
axis) in Equation [10], recalling that 6 is always positive and 
making use of Relations [4]. 


COMPUTATION OF SECTION PROPERTIES 


In reference (2) the term Z is defined as ‘‘changing symbols to 
correspond with the notation used in this article’ 


1 


For large R this term will be very small, the co-ordinate z being 
measured to the CG of the section. Hence, if a slide rule is used 
and the integral evaluated by approximate methods, differences 
between slide-rule-computed values of nearly the same amount 
will occur and considerable loss in accuracy will result. To 
reduce this effect Z can be written 


Z = e/AR? 


where 


R 


Here the only differences which occur are in the denominator in 
adding F to z when z is negative, since the numerators are always 
positive, being squares. The error in z will be the error in esti- 
mating the position of the centroid and R + z will contain a 
larger percentage of error than z if R +2 < |e|. 

This effect, however, is much less serious than that encountered 


e= 


TABLE 1 COMPUTATION OF SECTION PROPERTIES. 


2 4 5 6 
1 dz = Int xz'dz 2cG 
e const z (2) X (3) = (1) X (4) (1) —ez 
0 0.025 0.8 0.0200 0 —0.406 
0.075 0.100 0.8 0.0800 0.0060 —0.331 
0.150 0.050 0.8 0.0400 0.0060 —0.256 
0.225 0.100 0.8 0.0800 0.0180 —0.181 
0.30 0.025 0.8 0.0200 0.0060 —0.106 
0.30 0.075 0.2 0.0150 0.0045 —0.106 
0.525 0.300 0.2 0.0600 0.0316 +0.119 
0.750 0.150 0.2 0.0300 0.0226 +0.344 
0.975 0.300 0.2 0.0600 0.0582 +0.569 
1.200 0.075 0.2 0.0150 0.0180 +0.794 
D2) 1.200 0.4200 0.1709 
- Q_ 0.1709 
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in the first-mentioned integral since, in the computation of e, the 
denominator term R + z never approximately equals zero, and 
only a few terms of the sum are appreciably affected. It should 
be noted that, for sharp curvature, it is necessary to divide the 
area into more divisions near the center of curvature where 
R 4: z will change rapidly than further from it. 


EXAMPLE PROBLEM 


In the following problem, the stress at the extreme inner fiber 


of the section, shown in Fig. 2, willbe computed. The distance R 
iq 
4 
Fia. 2 


from the centroidal axis to the axis of curvature is 0.486 in. The 
applied moment M, + =3300 in-lb. Since the section is one of 
those for which a curved-beam factor K has already been com- 
puted, see reference (2), this stress can be obtained from the 
formula 


0.486 1.20 
0.406 
following computations z = —0.406 and J = 0.05069; hence 
+3300(—0.406) (3.63) 
= = —96,000 psi 
0.05069 


All computations given in Table I are made upon the slide rule. 


In this case K = 3.63 since R/c = 


From the 
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(SECTION SHOWN IN FIG. 2) 


7 8 9 10 
Zeg R + (6) 

= (6)? = (4) X (7) = 0.486 + (6) (8)/(9) 
0.1660 0.00332 0.080 0.04150 
0.1090 0.00875 0.155 0.05650 
0.0652 0.00261 0.230 0.01135 
0.0326 0.00261 0.305 0.00855 
0.0112 0.00022 0.380 0.00058 
0.0112 0.00017 0.380 0.00045 
0.0142 0.00085 0.605 0.00140 
0.1180 0.00354 0.830 0.00427 
0.3205 0.01920 1.055 0.01820 
0.6300 0.00942 1.280 0.00737 
0.05069 0.15017 
=I = I,'/R 


Te’ = 0.15017 X 0.486 = 0.073 


J’ = 0.073/[1 + 0.073/0.42 X 0.4862] = 0.073/1.735 = 0.0422 


6 = J = 0.0422/0.420 X 0.486 = 0.206 


— +8300(—0.406 + 0.206] _ 3300 X (—0.200) 
0.0422[1 — 0.406/0. 486) 0.0422 X 0.163 


Equation [11] gives « 


= —96,200 psi 


Sy 
- 
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Discussion 


A General Method for Calculating 
Critical Speeds of 
Flexible Rotors’ 


A. H. Exuincer.? The author is to be congratulated for the 
valuable contribution he has made in the field of critical-speed 
studies. In regard to the application of gyroscopic effect of rotat- 
ing disks, the writer wishes to point out a few simple relationships 
which might be helpful. For example, if the disk were set up 
on rectangular co-ordinates, Fig. 1 of this discussion, with the 


| 
| CENTER LINE OF SHAFT, /) 
| N 


Fic. 1 Examp ie or Disk Set Up oN RECTANGULAR CO-ORDINATES 
origin lying at the center of gravity of the disk and the X-axis 
coinciding with the center line of the shaft, then A and B may be 
defined as follows 


A= JS Y¥%dm = 2 
B= X*%dm 
A—B= 


The last equation can also be derived by treating the disk 
as a series of thin disks. Den Hartog? shows that the moment 
exerted by the inertia forces on a thin rotating disk may be ex- 
pressed as follows 


M = Z%dm 
where 
= speed of rotation, radians per sec 


= angle of inclination between shaft center line and 
axis of rotation at location of disk, radians 


| 


The foregoing equation could also be used for a series of thin 
disks. However, one must not overlook the effect this would 
have on the bending moment due to transverse forces on the shaft. 
To illustrate, let us consider a disk of mass m overhung on a 
shaft at a distance L from point 0, the nearest support. Con- 
sidering the disk as a point mass located at its center of gravity, 


1 By M. A. Prohl, published in the September, 1945, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 67, p. 
A-142. 

2 Assistant Engineer, Blower and Compressor Department Allis- 
Chalmers Manufacturing Company, Milwaukee, Wis. Jun. 
A.S.M.E. 

3**Mechanical Vibrations,’’ by J. P. Den Hartog, McGraw-Hill 
Book Company, Inc., New York, N. Y., second edition, 1940, pp. 
296-298. 
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the moment at point 0 due to transverse loading will be as 
follows 


My = L 
where 
5 = deflection of center of gravity of disk 


Now consider the disk divided into an infinite number of thin 
disks each having a mass dm. Assume all disks normal to the 
shaft and that angle @ remains constant. The increment of 
moment at point 0 due to any one of these elemental disks will 


be 
dM, = w*(6 + X sin = X cos ¢)dm 


Since ¢ is small, sin ¢ = ¢, and cos ¢ = 1. 
Therefore 


dM, = Xg)(L + X)dm 


The signs are positive when dm lies beyond the center of grav- 
ity of the whole mass and are negative when dm lies within the 
center of gravity. 

Summing up moments within the center-of-gravity point 


M, = w(6L fdm — oL Xdm — Xdm + 6 X%dm) 
Summing up moments beyond the center-of-gravity point 
Mz = + oL + 6 f Xdm + X%dm) 


By definition, J” Xdm is of the same magnitude on either side 


‘ of the center of gravity. Therefore in the addition of M, and M; 


the terms containing /'zdm with opposite signs will cancel out, 
and the total moment at point 0 due to transverse loading is as 
follows 


Mo = M, + Mz = mw%L + X%dm 


The total bending moment at point 0 due to the rotating disk 
becomes 


eM, = M.—M 
+ wp X%dm — Z2dm 


L — w*¢(A — B) 


The foregoing derivation is further proof that error is involved 
when the rotating disk is considered as a mass concentrated in a 
thin disk of thickness dX. It is also interesting to note that for a 
sphere A = B, and there would be no change in moment due to 
gyroscopic effect as applied to the rotating case. 


A. M. G. Moopy.‘ To be seen in perspective, the author’s 
method should be compared with the many methods which have 
been developed in the past for calculating critical speeds. A 
work by Holba® presents more than a dozen methods, al! about 
equally frightful to apply. To be sure, for lowest critical speeds 
of relatively, simple shafts, present methods, as described in the 
standard works of Timoshenko and Den Hartog, are perfectly 


‘ Chief Blower Engineer, Elliott Company, Jeannette, Pa., formerly 
Chief Research Engineer, De Laval Steam Turbine Company, 
Trenton, N. J. Mem. A.S.M.E. 

5 ‘*Berechnungsverfahren zur Bestimmung der kritischen Dreh- 
zahlen von geraden Wellen,"’ by J. J. Holba, J. Springer, Vienna, 
1936. 
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satisfactory. But the writer agrees with the author that no second and third critical speeds and also for rotors with multiple 


method based upon the Rayleigh approach that has to his knowl- 
edge been presented for higher critical speeds can compare with 
this as a practical working method. 

A suggestion, however, is in order: The example given in the 
paper is very complicated. Admittedly, this is the type of prob- 
lem which shows the new method to the best advantage. Never- 
theless, it would be easier to master the procedure if a simple 
example, easily checked in the handbooks, were given. This 
would also tend to build confidence in the method since no one 
ever questions a handbook result. 

The writer has therefore taken it upon himself to give a crude 
illustration of what he means. The example, Fig. 2 of this dis- 
cussion, shows a two-bearing shaft, 2 in. diam, 16 in. between 
bearing centers, with two 100-lb loads each 4 in. from a bearing. 
The critical speed calculated from the formu'a given in Marks’s 
handbook is 9680 rpm. Starting with this as an assumed speed 
and applying the author’s method, we find, as would be expected, 
that we have no residual moment. 


From Fig. 2 
ys = (320.24 X 10-7V0) + (30.87 X 10-7) = 0 
320.24 
: 30.87 ° 
M; = 30.94Vo + 2.9560, 


30.94Vo — 30.65Vo 


H. Poritsxy.6 We believe that the author’s method is far 
superior to methods at present available and in common use 
This is particularly true when it comes to the calculation of the 


6 Engineering General Division, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 


bearings and overhanging spans. 

The methods commonly employed for critical-speed caleula- 
tions are based upon Rayleigh’s method and consist in assuming 
the shape of vibration, calculating the potential and kinetic 
energies, and computing the natural frequency from the ratio of 
these two. This procedure is justified by the fact that a first- 
order departure in the assumed shape of vibration from the true 
shape results only in a second-order error in the frequency. More- 
over, the lowest critical is lower than any frequency which can 
be obtained by the foregoing method. In calculating the lowest 
frequency, it is customary to assume a deflection shape equal to 
the gravity deflection. This calculation may be improved by re- 
placing the gravity weights by centrifugal loads derived from the 
gravity deflection and determining the resulting deflection; by 
similar further repetition the lowest critical can be accurately 
obtained. 

When it comes to the higher critical, however or to rotors with 
several spans, it is clear that the gravity deflection is a very poor 
approximation, and various rather arbitrary schemes, all of them 
ill-founded, have been used for guessing the shape which will 
form the starting point of the calcu ations. With a poorly 
guessed shape the discrepancy between the computed vibration 
frequency and the true values of critical frequencies is likely to 
be considerable. Furthermore, for the second and higher critica s, 
an assumed shape may lead to a frequency which is either h gher 
or lower than the true frequency, and it is impossible to tell which 
of two calculations is to be preferred. 

Finally the foregoing method of iteration, which converges 
for the lowest critical, does not converge when applied to the 
higher critical speeds, unless the assumed shape satisfies a proper 
“orthogonality condition’ relative to the shapes of the lower 
critical speeds. This condition is rather inconvenient to apply 
and only multiplies the uncertainties of the existing methods of 
computing critical speeds. 
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DISCUSSION 


As compared with the uncertainties mentioned, the method 
developed by the author is clear-cut and straightforward. It con- 
sists essentially in numerical integration of the differential 
equation of beam deflections for an assumed frequency. Since 
proper boundary conditions apply at either end df each span, two 
solutions have to be obtained over each span before all of the 
boundary conditions can, be satisfied. Two or more frequencies 
have to be tried before the true critical frequency is determined 
by the vanishing of a proper residual moment. 

The interpretation in terms of a finite number of thin disks 
on a massless shaft is illuminating and makes the method similar 
to Holzer’s method for torsional vibrations. It will be noted that 
in the latter domain, Holzer’s method has been universally 
adopted even though the Rayleigh method of assuming shapes is 
available here, too. It is the writer’s opinion that a similar 
situation will soon obtain in the field of critical speeds of rotors, 
and the enthusiasm of several people who have tried the method 
in cases where long involved calculations hitherto have yielded 
relatively uncertain information only serves to corroborate it. 

It may be pointed out in conclusion that the integration of the 
deflection may be carried out by means of the differential ana- 
lyzer, though as many distinct solutions would still have to be 
obtained before the boundary conditions can be satisfied as 
outlined herein. 


ERNeEstT L. Ropinson.? This paper makes a very definite con- 
tribution to the technique of computation of the transverse critical 
speeds of rotating shafts, especially a shaft with several spans; 
it is bad enough to get the transverse critical speed of a single 
span by equating kinetic energy of rotation to the internal energy 
of bending for a variety of assumed deflection curves. This 
much-used technique works when one has a fairly good notion 
of the true shape. It is not necessary to be too precise but it is 
necessary to be pretty good. It is easily possible to be pretty 
bad. The likelihood of being pretty bad increases greatly when 
the arrangement of loadings and shaft diameters becomes com- 
plex and it gets almost hopeless with several spans. There is no 
doubt that skillful estimates are possible by existing methods, 
especially when the approximate answer is known from long ex- 
perience. But when that is not the case, a straightforward way 
to proceed is most welcome indeed. 

The writer recently sent the author the loadings and diameters 
for a complex four-bearing tandem-compound turbine generator 
set which had been the basis of analysis for several months. It 
must be admitted that these were wartime months and help was 
limited. However, using less than a week’s time of one expert 
comptometér operator, the author produced the first critical 
speed, including its actual deflection curve and handed it to the 
writer at the meeting when he presented his paper. The calcu- 
lations agreed closely with tests which had just been made on a 
dynamically similar model, both as regards frequency and shape 
of the deflection curve. 

The paper, of course, still leaves to experienced engineering 
judgment the questions as to whether shaft speed should be re- 
stricted to values below the first critical or whether it is preferable 
to run through one or more critical speeds and operate at or 
between higher critical speeds. 


Srantey THompson.’ In his abstract, the author states that 
the Stodola process for finding critical speeds lacks generality in 
that critical speeds other than the fundamental cannot be deter- 
mined definitely. 


7 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

8 Design Development Engineer, Westinghouse Electric Corpora- 
tion, Aviation Gas Turbine Division, Lester, Pa. 
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Den Hartog® gives a formula 


(x)y,?(x)dx 


a = 


n 


by use of which the Stodola process is generalized to higher modes. 
By evaluating a, the amount of any known mode present in an 
arbitrary curve can be determined and the mode removed. By 
the reasoning used by Den Hartog," if the first mode, for in- 
stance, is removed, the Stodola process converges to the second 
mode. 

The amount of work involved in the Stodola process is quite 
comparable to that in the present paper, since essentially the same 
operations are performed, but in different order. For the caleula- 
tion of a first-mode critical, approximately the same number of 
trials would be needed to find the frequeney by either method. 

With the author’s method it is possible to calculate any de- 
sired mode without determining lower modes which is not 
possible with the Stodola process. 


AUTHOR’s CLOSURE 

The author wishes to thank Messrs. Ehlinger, Moody, Porit- 
sky, Robinson, and Thompson for their constructive comments. 
Mr. Ehlinger has presented an alternative derivation for the 
“gvroscopie effect’’ due to the disk moment of inertia. This con- 
firms the momentum analysis used in the paper. He points out 
that for a sphere the two moments of inertia A and B are equal 
and therefore the gyroscopic effect disappears. This condition 
also exists for the case of a thick disk, as may be seen by examin- 
ing Equations [51 [and [52] of the paper 


= 0.866 
4 


h 
A = B, when — = 
D 


axial thickness 


where: 
D 


The author is indebted to Mr. Moody for a sample calculation 
dealing with a very simple rotor. This makes a valuable addi- 
tion to the paper. 

Dr. Portisky has presented an excellent comparison of various 
critical-speed calculation methods with which the author is in 
complete accord. 

Mr. Robinson has indicated the difficulties which arise in 
applying Rayleigh’s method. It should be pointed out that this 
method usually gives good results for the first critical speed of 
single-span rotors if the assumed deflection curve is taken equal to 
the static deflection curve. The first critical speed of two-span 
rotors and some three-span rotors can often be calculated with 
sufficient accuracy if a static deflection curve is used where the 
direction of the gravity loading is reversed in going from one span 
to the next. For the calculation of the first critical speed of 
complicated multispan rotors Rayleigh’s method does not pro- 
vide a satisfactory line of attack; and for the calculation of 
higher critical speeds the basic principle of the method is not 
applicable. Incidentally, the second as well as the first critical 
speed was calculated by the author for the four-bearing turbine 
generator set mentioned by Mr. Robinson. 

Mr. Thompson has taken exception to the following statement 
in the abstract of the paper ‘‘. . . the methods for which the com- 
putations are comparatively simple, such as the familiar methods 
of Rayleigh and Stodola, lack generality in that critical speeds 
other than the fundamental cannot be definitely determined.” 
The Stodola method to which reference is made is the simple itera- 


diameter 


® Reference 3 of Ehlinger discussion, ‘‘Mechanical Vibrations,” 
p. 1938. 
10 Thid., pp. 194-196. 
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tion procedure described in detail by Den Hartog™ which con- 
verges only for the fundamental mode of vibration. This method 
can be modified or generalized as pointed out by both Mr. 
Thompson and Dr. Poritsky, so that higher critical speeds can be 
evaluated, but when this method is thus generalized it does not 
appear to the author that the calculation procedure will be as 
practical or straightforward as that given in the author’s paper. 

Messrs. N. A. Boukidis and R. J. Ruggiero in a recently pub- 
lished paper!? give a working procedure for calculating natural- 
frequencies which is based on this generalization of the Stodola 
process. One disadvantage of their procedure is the large num- 
ber of significant figures which must be carried in the computa- 
tions in order to get definite values for the higher criticals, and 
these authors make the following recommendation “. . . the 
safest procedure is to retain as many significant digits as the 
calculating machine to be used will handle.”’ 


The Effect of Triaxiality on 
the Technical Cohesive 
Strength of Steels’ 


L. R. Jacxson.? Through the use of some exceptionally care- 
fully obtained data on the strength of notched steel bars, the 
authors have made a distinct contribution to the difficult problem 
of fracture under combined stresses. 

Their interpretation of their results depends to a large extent 
upon the premise that, after a small amount of plastic flow has 
relieved stréss concentration, both the longitudinal and radial 
stresses are substantially uniformly distributed over the base of 
the notch. 

This premise and its consequences deserve some further com- 
ment. 

Assuming that the premise is true, one of the methods they 
have used to compute the radial and circumferential stresses is 
through the use of Equation [5], which involves the measurement 
of stress at maximum load for both notched and unnotched bars. 

There is some recent information, not cited by Sachs and 
Lubahn, which provides further support for this method of com- 
putation. 

As they point out, this computation depends upon three as- 
sumptions (in addition to the assumption of uniform stress dis- 
tribution): 

1 That the metal flow obeys either the “maximum shear con- 
dition” or the “energy of distortion condition.” * 

2 That the maximum load is reached after the same amount 
of flow in both the notched and unnotched bars. 

3 That a given amount of flow results in the same state 
(hardness) of the metal regardless of stress system under which 
that amount of flow was obtained. 

The first of these assumptions has a rather extensive experi- 
mental background, and while the last two assumptions would 
appear in any case to be good approximations there is some addi- 
tional evidence supporting them. 

Regarding assumption 2, Gensamer* has shown that in a 


11 “‘Mechanical Vibrations,’”’ by J. P. Den Hartog, McGraw-Hill 
Book Co., Inc., New York, N. Y., second edition, 1940, pp. 188-192. 

12 ‘An Iterative Method for Determining Dynamic Deflections 
and Frequencies,’ by N. A. Boukidis and R. J. Ruggiero, Journal of 
he Aeronautical Sciences, vol. 11, no. 4, October, 1944, pp. 319-328. 

1 By George Sachs and J. D. Lubahn, published in the Dec., 1945, 
issue of the JouRNAL or APPLIED Mecuanics, Trans. A.S.M.E., vol. 
67, p. A-241. 

2? Research Supervisor, Battelle Memorial Institute, Columbus, 
Ohio. Mem. A.S.M.E. 

3**Yield Point in Metals,’’ by M. Gensamer, Trans. A.I.M.E, vol. 
128, 1938, pp. 104-117. ' 
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simple tension test the maximum load is reached when 


where S, is the tensile stress and 6 is the true strain. 


Or that 
Som 
dS, Som 
Soy So Soy 


where Som is the stress when maximum load is reached and S,,y 
is the stress when plastic flow begins. 

Assuming with the authors that enough plastic flow has oc- 
curred to eliminate stress concentration, and make Equation 
of the paper 

Sr So 
— - —— (a constant)............ [3] 
Sy, Sr, 

The load Z at any time during plastic flow as measured on a 

tensile machine is 
L= S,A [4] 


where A is the instantaneous area and can be computed from the 
relation 


=In— 
A 
from Equation [3] 
So 
and 
1—k 


At maximum load, dL = 0 or 


Ao 4 
iL = — — ——— = 0 


from which 


This is identical with Equation [1] of this discussion, obtained 
for simple tension, and indicates that except for the ¢mall amount 
of flow required to eliminate stress concentrations and establish 
Sr 
notched and unnotched bars. 

With respect to the third assumption, Bridgman‘ has recently 
obtained some data indicating that if a steel is plastically de- 
formed by a combination of hydrostatic pressure and tension and 
subsequently tested in simple tension, the true stress - true strain 
curve so obtained is a prolongation of the one obtained in simple 
tension, and starts at the point which would be predicted from 
the amount of strain it had previously received under combined 
stresses. That is, at least for combinations involving hydrostatic 
pressure and tension, it appears that strain-hardening does not 
depend to a large extent upon the stress system producing that 
hardening. 


= k, the true strain is the same at maximum load for both 


4 “Effects of High Hydrostatic Pressure on the Plastic Properties 
of Metals,”’ by P. W. Bridgman, Reviews of Modern Physics, vol. 17, 
1945, pp. 3-14. 
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DISCUSSION 


While the foregoing arguments support the method used by 
the authors to compute the triaxiality of the stress system, the 
validity of the method still rests on the premise that the stress 
distribution is substantially uniform. The authors present in- 
direct evidence that this is correct; however, it might be possible 
to produce an experimental proof which should be quite con- 
vincing along the following lines: 

As the authors have pointed out, it is difficult experimentally 
to produce a known hydrostatic tension; however, it is relatively 
easy to produce known hydrostatic compression. If notched 
bars similar to those used by Sachs and Lubahn were pulled under 
hydrostatic pressure, it should be possible to use a value of pres- 
sure which would just cancel the hydrostatic tension as computed 
by their methods. If their initial premise is correct and the hy- 
drostatic tension provided by the notch is substantially constant, 
then the bars should break as though the stress applied were simple 
tension. 


D. J. McApam, Jr.§ The comment made in the paper concern- 
ing the investigation of technical cohesive strength by the writer 
and associates may give an incorrect impression to those who have 
not read our papers. The first of these comments is “...only a 
limited amount of information of a rather speculative nature is 
available regarding the effect of triaxiality on the cohesive 
strength (17, 18).’’"® The amount of information obtained in our 
investigation, however, is not limited to the two papers (17, 18), 
but has been presented in six papers. Three of these are more 
recent than the two papers mentioned and two of the three have 
been in print for 1'/, and 2'/, years, respectively. A list of six 
papers (a to f), together with three additional papers (g, h, 7), 
which are now preprinted, appears at the end of this dis- 
cussion. Far from being merely ‘‘speculative,’”’ these papers 
present the results of extensive experiments on a great variety of 
ferrous and nonferrous metals, in various conditions as regards 
heat-treatment and work hardening. The temperatures range 
between room temperature and —188 C. The notched tensile 
specimens used varied widely in notch depth, notch angle, and 
root radius. 

The derived curves of variation of strength and ductility with 
notch angle and with notch depth made it possible to distinguish 
the influences of the transverse radial stress and the stress concen- 
tration, and to reveal the influence of the radial-stress ratio 
(ratio of mean transverse radial stress to mean longitudinal stress) 
on the breaking stress. Each of the papers (a to 7) shows that 
the ‘technical cohesion limit’’ tends to increase with increase 
in the radial-stress ratio and does so increase unless the influence 
of the radial-stress ratio is masked by associated variations of the 
stress concentration and ductility. It was also stated that the 
“technical cohesive strength’ (a property of the metal) of a 
brittle metal may be represented by a curved surface in a diagram 
with the three principal stresses as co-ordinates, and that the 
“initial” technical cohesive strength of a ductile metal may be 
pictured approximately by a similar surface outside the sur- 
face representing yield but inside the generally more complex 
surface representing fracture, after the varying plastic deforma- 
tion due to the varying ductility. Any point on such a surface 
represents a technical cohesion limit. 

It was also reported that plastic deformation increases the 
technical cohesive strength continuously, at a decreasing rate, 
and only slightly less rapidly than it increases the flow stress. 
It was shown in numerous diagrams that this small differential 
effect of plastic deformation accounts for the wide variations of 


’ Metallurgist, U. S. Department of Commerce, National Bureau 
of Standards, Washington, D. C. 

¢ Numbers in parentheses refer to the Bibliography which was pub- 
lished at the end of the original paper. 
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ductility with the radial-stress ratio and with other factors that 
have even slight differential effect on flow stress and cohesion 
limit. 

In a previous paper by the authors (9) is the following state- 
ment: ‘The cohesive strength of a heat-treated steel increases 
with increasing triaxiality, only slightly less rapidly than the 
flow stress (shear stress), confirming McAdam’s conceptions. 
The closeness of these two relations accounts for the rapid changes 
from a ductile to a brittle condition, which may be caused by 
rather small changes in metal structure or type of load applica~ 
tion.” A less complete statement of the same ideas is given by 
the authors in the third conclusion of their present paper. 

The evidence for the first conclusion stated at the end of the 
paper now under discussion does not appear convincing. More- 
over, even if the ratio between the mean radial and longitudinal 
stresses does remain constant throughout the first 5 per cent of 
strain, there is much redistribution of both stresses, and the ratio 
between the radial and longitudinal stresses at the origin of frac- 
ture probably differs considerably from the initial ratio of mean 
values. The values for radial-stress ratio used in the writer’s 
diagrams were obtained by an empirical method, and the diagrams 
represent qualitatively the variations of strength and ductility 
with the radial-stress ratio. The authors’ implication that our 
empirical derivation is similar to theirs is incorrect (c, d). 

Results of our experiments (c, d, e, f, g) indicate that the second 
conclusion presented by the authors is not generally correct. 
Many of our curves of variation of strength and ductility with 
the notch angle show clearly that plastic deformation of only 2 
per cent leaves an objectionable amount of stress concentration, 
in some metals at leat, when the initial stress concentration is 
high. The amount of plastic deformation required for satisfac- 
tory reduction of the stress concentration varies with the metal, 
with the notch characteristics, and with the temperature. This 
amount of plastic deformation sometimes is as high as 30 per 
cent, and stress concentration may affect the entire flow-stress 
curve to the point of fracture. The explanation for the slow relief 
of initially high stress concentration probably is that plastic def- 
ormation causes first a quick partial relief of the concentration 
but that the relief of stress concentration is associated with the 
development of a deformation gradient and a resultant hardness 
gradient. Because of this hardness gradient, further diminution 
of stress concentration is relatively slow. Moreover, the evidence 
presented by the authors for their second conclusion is not con- 
vincing, but may be interpreted in different ways which cannot 
now be discussed. 

The linear variations of cohesion with plastic strain, repre- 
sented in Fig. 19 of the paper, is not in accordance with the evi- 
dence obtained in our experiments with metals that had been 
cold-worked various amounts. Moreover, as the increase of co- 
hesive strength with plastic deformation is the result of work- 
hardening, it would be expected that the increase would be at a 
decreasing rate, qualitatively similar to the increase of the flow 
stress, As the rate of work-hardening of heat-treated steels, 
such as those used by the authors, is relatively slow, the curvilin- 
ear variation of the cohesive strength would be less prominent 
than if they had used metals that harden rapidly with plastic 
deformation. 

Tic fourth conclusion by the authors is of some value as an em- 
pirical criterion. In a paper (%) now preprinted, the writer dis- 
cusses the complete three-dimensional diagram representing 
fracture, and concludes that fracture is determined by a limiting 
value of some shearing stress, either the maximum shearing stress 
or the octahedral shearing stress. This critical shearing 
stress, however, is not constant, but decreases with increase in 
the volume stress and becomes zero when the stress is polar- 
symmetric (S; = S; = S3). 
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CLARENCE ZENER? AND J. H. Hottomon.’ On their first 
reading of this paper the writers were skeptical of the conclusions 
contained therein that the technical cohesive strength increases 
with increasing triaxiality. They therefore examined the 
original data contained in the authors’ previous paper (9) in an 
attempt to see if the influence of strain could be more completely 
eliminated. This paper contains the data for five tests of the 
S.A.E. steel heat-treated to the 220,000-psi strength level in 
which the strain at fracture lay within the narrow range from 


7 Institute for the Study of Metals, University of Chicago, 
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0.026 to 0.028. These data are presented as Fig. 1 of this dis- 
cussion, The conclusions reached by the authors are apparently 
incontrovertible. 

At fracture the flow stress intersects the virtual cohesive stress. 
The measured fracture stresses in the strain range 0.026 to 0.028 
should therefore also be the flow stresses at the same value of 
the triaxiality. In order to test this viewpoint a flow stress curve 
was computed as a function of the triaxiality and this curve is 
also shown in Fig. 1. Complete agreement is obtained. 


Avuruors’ CLOSURE 


Mr. Jackson offers proof for the validity of our assumption that 
the ultimate strength values for notched and unnotched speci- 
mens, respectively, can be taken as the stresses the ratios of which 
depend primarily on the magnitude of the (average) transverse 
stress relative to the (average) longitudinal stress. It should be 
pointed out, however, that whereas the theoretical analysis of the 
maximum load strains referred to by Mr. Jackson should apply 
correctly for conditions where the stress and strain are uniformly 
distributed over the cross section, the stress and strain gradients 
present in notched specimens may be such that the necking strain 
for the notched specimen might be considerably different from 
that of the unnotched specimen. The stress-concentration 
factor is reduced practically to unity after a small plastic strain 
has occurred, i.e., it is reduced to a value which has a negligible 
amount of effect on the stress at fracture. However, the small 
stress-concentration factor which remains after a small plastic 
strain has occurred and the changes of this quantity with further 
plastic flow may be sufficiently large to affect the shape of the 
stress-strain curve, and thus also the maximum load strain, or 
“necking strain.’”’ Furthermore, the triaxiality may depend 
slightly on the amount of strain (because of changes in notch con- 
tour, for example) and this also would affect the shape of the 
stress-strain curve and the necking strain for the notched speci- 
men. The magnitude of the effects which small changes in the 
triaxiality and stress-concentration factor may have on the neck- 
ing strain is indicated by data on heat-treated steels presented in a 
previous publication.® According to these results, the necking 
strain may be higher for a notched specimen than for an un- 
notched specimen, and apparently increases with increasing 
notch depth. For other materials, however, particularly those 
possessing large strain-hardening rates, the necking strain of « 
notched specimen may be considerably less than that of an 
unnotched specimen of the same materials, as follows: 


CONVENTIONAL LONGITUDINAL NECKING STRAIN 


Type of specimen Copper Mild steel 
Unnotched, per cent 53 31 
Notched, per cent 43 22 


Regarding Mr. McAdam’s comments, we feel that the value o! 
his work is generally recognized, particularly regarding the wide 
range of variables he has investigated, and we have expressed this 
in our paper. On the other hand, it appears that many others 
feel, with us, that a complete understanding of the notched tensile 
test cannot be reached without an extensive fundamental in- 
vestigation under conditions which reduce the number of variables 
to a minimum. According to the most basic laws of research, 
definite and generally recognized conclusions can be drawn only 
from series of tests in each of which all the variables have been 
eliminated except one and which therefore require a long and 
tedious procedure if the validity of any general conception is to be 
proved conclusively. Our efforts have been primarily in this 


“Notched-Bar Tensile Tests on Heat-Treated Low-Alloy Steels,” 
by G. Sachs and J. D. Lubahn, Trans. American Society for Metals. 
vol. 32, 1943, pp. 125-158, Fig. 7. 
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direction, and consequently the experimentation has been aimed 
at a study of the effect of one variable at atime. Certainly, the 
last word regarding the dependence of the conditions at fracture 
upon the state of stress has not yet been spoken. Many extensive 
additional investigations will be required to establish the basic 
function which has so far been found to be particularly elusive. 

There is one factor regarding notched tensile tests which per- 
haps should be clarified at this time. This is the dependence of 
the triaxiality upon progressive plastic strain. It has been men- 
tioned in the paper that nearly the same triaxiality value was ob- 
tained by measurements in the elastic region and after a rather 
small amount of plastic strain, say, five per cent. For very large 
plastic strains it is recognized that appreciable variations in tri- 
axiality might occur, especially because of changes in the notch 
contour, and possibly also because of small changes in stress- 
concentration factor and deformation gradient. 


VARIATIONS IN TRIAXIALITY Wirth PLastic STRAIN 


Plastic strain 


per cent Triaxiality 
2 0.32 
opper 50 0.17 
2 0.33 
Heat+treated low-alloy steel 13 0.29 


It should be observed that the larger the plastic strain involved, 
the larger is the variation in triaxiality. Certainly, over the 
range of strains investigated in the paper, it may be concluded 
that variations in triaxiality may be neglected. 

We are particularly indebted to Messrs. Zener and Holloman, 
who obtained quantitative agreement with our analysis by a 
different approach, and who have thereby contributed signifi- 
cantly to a more basic understanding of the notched tensile test. 


Stresses in a Cylindrical Shell Due 
to Nozzle or Pipe Connection’ 


WatrerR SamMans.? The work done in these tests confirms 
what has always been the supposed type of deformation in the 
shell of a drum subject to internal pressure at a point where piping 
was attached. As the authors point out, it is not complete and 
needs to be supplemented by a whole series of tests to become of 
use to the designer. 

It is not possible to have codes for boilers or pressure vessels 
show methods of computation for all types of loadings on the ves- 
sel causing secondary stresses, although there is a tendency to 
keep adding that type of information in appendixes. The general 
acceptance of that practice would depend on whether or not it is 
agreed that codes shall become a handbook of engineering infor- 
mation. It would seem better that such data be collected and 
published separately, letting the codes be the guide on the selec- 
tion of materials and working stresses as applied to the mem- 
branes of vessels. 

The test was made on a type of shell having two different thick- 
nesses and, as the authors acknowledge, too short to avoid the 
effect of the end restraint. There was no opportunity to apply 
internal pressure to the shell, and this would indicate that the 
outward deformation, where the maximum tensile stress existed 
axially in the attached pipe, would not be decreased or increased 
by internal pressure, while the compressive forces on the opposite 
side would be reduced. 


1 By G. J. Schoessow and L. F. Kooistra, published in the June, 
1945, issue of the JouRNAL oF AppLIED MECHANICS, Trans. 
A.S.M.E., vol. 67, p. A-107. 

? Administrative Engineer, Sun Oil Company, Philadelphia, Pa. 
Mem. A.S.M.E. 
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For every combination of shell diameter and thickness, with 
diameter and thickness of attached pipe, there would be an in- 
ternal pressure at which the deformation would be substantially 
the maximum. In the test, the pipe attached to the thin shell 
had better be reinforced as would be required by code rules, to 
get a true comparison with practice. As the pipe becomes larger 
it may be found that the reinforcement should continue around 
the connected pipe as a ring; although it is recognized that the 
authors have confined this particular paper to ordinary sizes of 
pipe connections on boiler drums. 

In the particular assembly, there may have been some condi- 
tion of restraint imposed by the half of the vessel of greater thick- 
ness on the thinner wall, and likewise proportionately less re- 
straint by the half of the vessel having the thin wall on the defor- 
mation due to the loading of the pipe inserted in the thick wall. 

For the application of this principle to large drums at high tem- 
peratures, as used in the oil-refining industry and in which sizes 
of connected piping may be as much as 30 in., the effort in design 
is to minimize the travel of the pipe near the drum by proper ex- 
pansion joints and support independent of the vessel. Therefore, 
the amount of deflection in the pipe should be segregated between 
that due to the flexure in the pipe itself and that due to distortion 
in the vessel wall around the connection. For that segregation, 
it is necessary or at least seems desirable to reproduce the pres- 
sure in the vessel. In this connection there is no indication that 
the experiment reported in this paper could include the out-of- 
roundness in diameter produced by the loads on the piping. With 
two-way stresses existing in the shell, the deformations are not 
strictly a measure of stress, and in fact the stress may be higher 
than the deformation indicates due to Poisson’s ratio.* 

On the whole, however, this experiment, indicates the need for 
further work of the same kind, but carried out more extensively. 
For instance, there might be two models each longer than used 
here, in which various sizes of pipe are attached in a row in suf- 
ficient distance from each other. These pipes could be of differ- 
ent lengths, the larger pipe being at the top and the longest, and 
so on down. This might permit simultaneous loadings or load- 
ings applied on each pipe in turn without much effort in changing 
the attachment. In order to obtain the full value of such tests 
and retain the value of balanced loading, a symmetrical arrange- 
ment of piping on both sides similar to the original tests could be - 
used. There should be two separate cylinders of different thick- 
nesses and then the connection of the pipe to the cylinder could 
be made in a different manner on opposite sides, particularly as to 
the type of ring reinforcement around the pipe to maintain 
the circular shape. This should produce less distortion in the 
shell. 

The tests could also be amplified to take care of torsional 
moments on the pipe. 

Altogether the authors have opened up by direct action a new 
field of investigation in connection with the safe use of pressure 
vessels which has been too long deferred. 


AvutTHoRsS’ CLOSURE 

Mr. Samans’ comments are well applied to this paper and are 
very much appreciated by the authors. He brings in the question 
of whether or not methods of computation for loadings causing 
secondary stresses should be included in codes for boilers or pres- 
sure vessels. The authors agree with him that the subject has not 
reached the stage where this could intelligently and simply be 
accomplished. 

As pointed out by Mr. Samans, it is true that many other are 
rangements could be adapted, including adding of reinforcing 
pads around the connections to the shell which would provide 
additional data and which certainly should be given full considera- 


3 Unless a correction was made to allow for this. 
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tion if additional tests are contemplated by any of our readers. 

Regarding the question of deformations not strictly a measure 
of stress, it may be pointed out that the stresses reported in the 
paper were the results of two-dimensional strain-gage readings that 
were corrected for deformation due to Poisson’s ratio and there- 
fore in so far as the authors know are correct and true stresses. In 
points where the direction of the principal stresses was not known, 
strain-gage rosettes were used to determine both direction and 
magnitude. By Mr. Samans’ footnote comment,’ he appre- 
ciates that possibly this correction was made. 

As pointed out in the paper, the authors realize that this is just 
the beginning of the accumulation of actual data on a construc- 
tion that is commonly used today and in which the value of second- 
ary stresses becomes more important as higher design mem- 
brane stresses are allowed and the vessel walls become corre- 
spondingly thinner and have less margin of working stress 
available to absorb these secondary bending stresses. 

We hope that this paper will help to stimulate thinking along 
the proper lines and will lead to additional strain-gage investiga- 
tions and mathematical analyses. 


Experimental Investigation of Tur- 
bulence Diffusion—A Factor in 
Transportation of Sediment 
in Open-Channel Flow’ 


A. A. KauinskE.? The writer has been carrying on experi- 
mental investigations on the subject of the author’s paper for 
several years and he is gratified to note that the author’s final 
conclusions are, in general, in agreement with his. Several years 
ago, in conversation with the writer, the author expressed the 
opinion that the curve relating the mean-square deviation of the 
globules. to the downstream distance did not approach a straight 
line. The writer strongly disagreed, as his own data indicated 
otherwise, and also he stated that if a straight line were not 
approached this would indicate an infinite scale for the turbulence 
which, of course, is physically impossible in a finite channel. 
The writer is pleased to note that the author now comes to a 
similar conclusion. 

- The mere fact that a power law fits the experimental data does 
not indicate that such a law is physically correct. Power laws 
can be made to fit data; however, the derivatives or integrals 
obtained from such power laws may give results physically im- 
possible. If such is the case, there is no particular significance in 
considering such a law. 

The writer, in the past, has used the globule-injection and 
photographic method for obtaining eddy-diffusion data; how- 
ever, the use of another method, described in a recent paper* by 
the writer, has given much better results and was much less 
laborious; this method consisted of injecting into the flowing 
water a mixture of hydrochloric acid and alcohol, the proportions 
adjusted to the density of the water, and then taking samples of 
the water at various points downstream. If samples are taken 
for 1 min or longer, the sample has a true average concentration 
of the injected mixture. The sample is then analyzed for 
chloride concentration, which is a fairly simple procedure. 

Others, including the writer, have made investigations relating 
to turbulence diffusion and have published their results; however, 


1 By E. R. Van Driest, published in the June, 1945, issue of the 
JournaL or AppLireD Mecuanics, Trans. A.S.M.E., vol. 67, p. 
A-91. 

2 Associate Professor, University of Iowa, and Associate Director, 
Iowa Institute of Hydraulic Research, Iowa City, Iowa. 

3 “Eddy Diffusion,’’ by A. A. Kalinske and C. L. Pien, Industrial 
and Engineering Chemistry, vol. 36, 1944, p. 220. 
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the author appears to have overlooked these references.‘ The 
writer believes they should be included in author’s bibliography. 


H. W. Liepmann.® The author’s method of measuring some 
characteristics of turbulent motior is a welcome addition to the 
experimental technique used in the study of turbulent flows. 

The evaluation of these measurements using the exponential 
correlation law is very interesting. The exponential law has been 
found, in numerous investigations of isotropic turbulence in air, 
to approximate the actual correlation curve very closely except 
near the origin. Hence the writer agrees with the author that 
it is more reasonable to fit the measurements to the exponential 
curve than to a power law. The results obtained by the author 


‘ v3 
for the magnitude of the fluctuation level ve can be compared 


roughly with measurement of the same quantity in the turbulent 
boundary layer near a flat plate carried out in a wind tunnel at the 
California Institute of Technology, with the use of hot-wire 
anemometers. Fig. 1 of this discussion gives a comparison be- 


Fic. 1 


tween the author’s results for ve as a function of the wall dis- 


tance y (curve I) and the direct hot-wire measurements in the 
boundary layer (curve IT). 

The boundary-layer thickness 6 for the water-channel measure- 
ments was taken as 4.8 in., corresponding roughly to the distance 
from the wall in which the mean velocity U varies. It is seen 


1 
that for : < 1, the behavior of ve is quite similar in the two 


2 
cases. The absolute magnitude of ve is somewhat larger in the 
water channel as compared witlt the boundary-layer measure- 
ments. For : > 1, curves I and II are evidently quite different. 


This latter fact is due to the difference in the turbulence levels of 
the uniform streams. The level is much lower in the wind tunnel 
than in the water channel. 


4 “Eddy Diffusion,’’ by W. L. Towle and T. K. Sherwood, Indus- 
trial and Engineering Chemistry, vol. 31, 1939, p. 457. 
‘“‘Mass Transfer Between Phases,’’ by T. K. Sherwood and B. B. 
Woertz, Industrial and Engineering Chemistry, vol. 31, 1939, p. 1034. 
“Turbulence in Open Channel Flow,” by A. A. Kalinske and 
J. M. Robertson, Engineering News-Record, vol. 126, 1941, pp. 539-541. 
‘Experiments in Eddy-Diffusion and Suspended-Material Trans- 
portation in Open Channels,” by A. A. Kalinske and C. L. Pien. 
Trans., American Geophysical Union, vol. 24, 1943, pp. 530-536. 
5 Daniel Guggenheim Aeronautical Laboratory, California Insti- 
tute of Technology, Pasadena, Calif. 
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It should also be mentioned that correlation curves which do 
not approach zero rapidly enough to insure a finite value of the 
scale integral are sometimes encountered in wind-tunnel measure- 
ments. This is often due to pulsations in the stream, 1.e., velocity 
fluctuations other than true turbulent fluctuations, 

The writer does not believe that the periodic wandering of the 
globules, as shown in Fig. 5 of the paper, indicates the existence of 
a “regular turbulence” pattern. In studying records of random 
fluctuations one may often tend to see pseudoperiodicities. — If, 
however, periodicities of this type have been observed consist- 
ently, the writer would be inclined to attribute them to periodic 
pulsations in the stream rather than to a turbulence pattern. In 
this connection the wake of the injection tube should be consid- 
ered. The Reynolds number based on the diameter of the tube 
used in the author’s measurements is of the order of a few hun- 
dred. Hence a von Kaérm§An vortex street will exist in the wake of 
the tube, and consequently a certain amount of regular fluctua- 
tion must be expected. The distance between the vortexes is of 
the order of 5 times the diameter of the cylinder or about 0.1 in. 
in the presented measurements; this is of the same order of mag- 
nitude as the length 4, which was determined to be about 0.2 to 
0.4in. The influence of the vortex street will, of course, diminish 
rapidly downstream; however, the influence of these regular 
fluctuations, e.g., upon the initial motion of the globules, should 
not be overlooked. 

It is to be hoped that the experiments will be continued. The 
investigations of true isotropic turbulence in water flow behind a 
grid using the method of the author appears to be of great interest. 


J. M. Ropertson.* Knowledge of the eddy diffusivity, its 
magnitude and manner of variation in the channel, allows pre- 
diction of the manner of distribution of suspended material in a 
flowing stream. Experimentally the diffusion coefficient can 
best be determined by direct measurement of the diffusion of some 
foreign material, of heat, of salinity, or other quality or content 
of the fluid. In air the diffusion of heat was used by Schubauer? 
to measure the magnitude of the turbulent velocity fluctuations; 
the diffusion of smoke from chimneys was used by Taylor® as an 
indication of the nature of the diffusion process; and the diffusion 
of carbon dioxide and hydrogen was used by Towle and Sher- 
wood? to determine the diffusion coefficient. In a water stream, 
Richardson” used the diffusion of dye to measure the diffusivity. 

At the University of Iowa the determination of the diffusion 
coefficient by means of the measurement of the spread of oil 
droplets has been accomplished with seemingly good re- 
sults.41:121314 As this method is extremely tedious and cannot 
be used in the presence of appreciable amounts of suspended sedi- 

6 Assistant Professor of Engineering Mechanics, Pennsylvania 
State College, State College, Pa. Jun. A.S.M.E. 

7™*A Turbulence Indicator Utilizing the Diffusion of Heat,’’ by 
G. B. Schubauer, N.A.C.A. Tech. Report 524, 1935. 

8 “Diffusion by Continuous Movements,”’ by G. I. Taylor, Pro- 
ceeding of the London Mathematical Society, vol. 20, 1921, p. 196. 

9“Eddy Diffusion,” by W. L. Towle and T. K. Sherwood, In- 
dustrial and Engineering Chemistry, vol. 31, 1939, p. 457. 

1% Experimental Study of Turbulence Diffusion,’”’ by E. G. 
Richardson, Proceeding of the Physical Society of London, vol. 49, 
1937, p. 479. 

11 “Application of Statistical Theory of Turbulence to Hydraulic 
Problems,”’ by A. A. Kalinske and E. R. Van Driest, Proceedings 
of the Fifth International Congress of Applied Mechanics, 1938, p.416. 

12 “Experimental Studies of Liquid Turbulence,”’ by A. A. Kalin- 
ske, Proceedings of the Hydraulics Conference, University of Iowa, 
1940, p. 50. 

13 Turbulence in Open Channel Flow,’’ by A. A. Kalinske and 
J. M. Robertson, Engineering News-Record, 1941, p. 539. 

, 14“Experiments in Eddy Diffusion and Suspended-Material Trans- 
portation in Open Channels,” by A. A. Kalinske and C. L. Pien, 
Trans. American Geophysical Union, vol. 24, 1943, pp. 530-536. 


ment, another method was developed by Kalinske and Pien.'4 
In this method the diffusion of chlorides in the water at various 
distances from the point of injection was obtained chemically on 
samples taken at the desired locations; a relatively easy process. 
At present this seems to be the best method developed for 
measuring the diffusion. 

As noted by the author, the diffusion coefficient D defined by 
Equation [9] of the paper, can be expressed either in terms of the 
correlation coefficient or the rate of spread of particles, thus 


- 1 /dy? 
= Vii = Redt = ( 
0 2 dt } max 


The correlation coefficient R; is at present little more than a con- 
cept used in arriving at more useful relations; it is obviously 
difficult to follow a particle as it moves in a fluid stream and to 
measure its velocity from time to time. Therefore knowledge 
about diffusion must come from direct measurement, i.e., from a 
study of the variation in Y*. The fundamental relation for the 
variation of ¥? is presented in Equation [12] of the paper, which 
may be written 

= = R:dé 
dz 0 


using the relation U = dx/dt. As noted by the author for values 
of time greater than some time 7; 


= const 
0 


Thus, for such times, integration gives 


Y? = bin (X — Xo) = i (X — Xo) 
U? 

where Xo is a constant distance related to T; and the velocity U. 
The linear relation indicated by this relation for distances con- 
siderably larger than Xois quite apparent in the data previously 
presented.'*!8 Measurements made for distances up to 4 times 
No, indicated that the linear relation applied for values greater 
than 2 times Xo.!8 This constant was found to vary between 
0.18 and 0.61 ft for different channels (0.94 ft and 2.5 ft widths, 
smooth and rough bottoms), depths (0.5 to 1.25 ft), velocities of 
flow (0.4 to 1.5 fps), and locations in the channel. For distances 
less than 2Xo the variation in Y? was the same for the various 
cases when the data were presented in the dimensionless form 


2DXo = tunction X, 


If a very accurate picture of the variation in the left side of this 
relation with values of X/Xo between zero and 2 could be obtain- 
ed, it would be possible to obtain R; by differentiation. As it is 
quite difficult to obtain very accurate measurements of Y? at 
small distances with the usual proportions of the measuring 
apparatus used, conclusions as to the nature of this correlation 
coefficient based upon such measurements appear to be quite un- 
certain. 

In most discussions of the relation of turbulence diffusion to the 
transportation of suspended material it is assumed that the 
diffusion coefficient D is equal to the momentum transfer co- 
efficient «, defined by the well-known shear relation 


As the density p of water, or water and sediment, varies but little, 
one need only know the vertical velocity distribution and the 


d 
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shear to compute «. This was done by Kalinske and the writer,'’ 
and the values of « were found to agree reasonably well with the 
measured values of D both in magnitude and mode of variation, 
an indication that the assumed equivalence of these two factors is 
reasonably accurate. More important than this, however, was 
the close agreement found by Kalinske and Pien' between 
measured suspended sediment distributions and those computed 
on the basis of measured values of D. This is a check of the usual 
sediment-suspension theory and an indication of the reliability of 
the method used in obtaining the diffusion coefficient. 

The measurements of D referred to!*!* indicate that in the 
center of a channel it is probably zero at the bottom (as theory 
indicates), increases with distance from the bottom to a maximum 
value at about mid-depth, and then decreases as the free surface 
is approached, but does not necessarily become zero at the sur- 
face. Closed-channel studies by Towle and Sherwood,’ and Sher- 
wood and Woertz!® indicate that in the turbulent range, D in- 
creases approximately linearly with increasing Reynolds numbers. 
For flows below the critical (laminar flow), the diffusion would be 
that predicted by the molecular theory such as presented by the 
author’s Equation [5]. The order of magnitude of such diffusion 
may be 0.01 to 0.0001 that of turbulent diffusion. 


AUTHOR’s CLOSURE 


With regard to Professor Kalinske’s discussion it is evident 
that he is under certain misconceptions. It should be appreciated 
by him that the data on diffusion were collected in 1940. As stated 
in the paper these data in spite of the large number of observa- 
tions taken did not prove to be of sufficient accuracy to warrant 
definite conclusions as to the exact shape of the mean-square 
deviation and resulting correlation curves. In the author’s 
conversation with Professor Kajinske the fact that the desired 
limiting straight line could not easily be located was indicated. 
This point was stressed rather than that the data did not ap- 
proach a straight line. The use of the exponential correlation law 
was suggested by Dr. H. L. Dryden who reviewed the test data. 
With reference to a bibliography, it was out of place to include 
one of an exhaustive nature and therefore the paper included only 
those references which would provide the reader with sufficient 
background to analyze the data. Since the paper was prepared 
for publication prior to Professor Kalinske’s publications of 1943 
and 1944, obviously these particular references could not be in- 
cluded. The author is, however, very happy to learn of the less 
laborious injection and sampling method recently used at the 
University of Iowa. 

The author sincerely appreciates the encouraging comments by 
Dr. Liepmann. The data presented in Fig. 1 of his discussion are 
very interesting. The divergence of the two curves is undoubtedly 
due to the side-wall effect of the water channel. The disturbance 
of the flow by the insertion of the injection tube is certainly a 
major objection to the use of such instruments in making measure- 
ments near the origin. In addition to the generation of Ka4rman 
vortexes, there are two other sources of error, namely, the vibra- 
tion of the tube and the inertial effect of the globules at the point 
of introduction. The vibration of the tube can be practically 
eliminated. Although the length 1, was found to be of the 
same order of magnitude as the distance between the vortices 
of the Kd4rm4n vortex street, it should not be concluded that 
the magnitude of 1, is due to the vortex street, which as Dr. 
Liepmann points out, will diminish rapidly downstream. The 
order of magnitude in this case is purely coincidental. 

The remarks of Professor Robertson are appreciated. 

16 ‘*Mass Transfer Between Phases—Rule of Eddy Diffusion,” by 
T. K. Sherwood and B. B. Woertz, Industrial and Engineering 
Chemistry, vol. 31, 1939, p. 1034. 
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Dynamics of an Elastic Bar' 

K. J. DeJunasz.?- The present paper is a valuable addition to 
the existing literature on the dynamics of elastic bars in general, 
and of long trains in particular, to which important field the 
author has previously made several basic contributions. The 
value of these papers resides not only in the solution of definite 
problems, but also in the precise definitions of characteristies and 
concepts peculiar to train dynamies, such as “speed of progres- 
sive force application,” “propagation ratio,” ‘passing point,” 
and others. The results of the author’s analysis appear to be 
transferable, with suitable adaptations to other elastic phenom- 
ena such as surges in springs, in hydraulic piping, behavior of 
chains, and others. 

The paper is, however, somewhat difficult to read and under- 
stand which detracts somewhat from its general usefulness. This 
is due partly to its extreme conciseness, omission of derivations, 
and insufficient explanations, which was no doubt imposed on 
the author by limitation of space. But the difficulty of under- 
standing is partly inherent in the method of treatment which is 
preponderantly mathematical and makes insufficient use of 
graphic illustrations. 

In recent years increasing use has been made of the graphical 
method of analysis in treating problems involving elastic columns. 
For the explanation of this method reference is directed to pre- 
vious literature. The present discussion will be restricted only 
to the illustration of the graphical method on two of the cases 
treated by the author. 

Case 1. A Constant Force Acts at the End of a Solid Elastic Bar. 
This phenomenon is illustrated in Fig. 1 of this discussion. Fig. 
1(a) represents the t-x diagram, in which a point denotes a cer- 
tain cross section z, and a certain instant of time ¢. In this dia- 
gram the progress of a disturbance along the bar is represented by 
straight lines having the slope 


tan = + V = Az/Al = k/m 


Fig. 1b represents the V-P diagram in which a point denotes 
the velocity V and force P, existing in a certain cross section z of 
the bar, at a certain time ¢t. Any change of force involves a pro- 
portional change of velocity and vice versa, for which AP/ AV 
= tan(+ a) = V/ mk. 

It is assumed that the bar is initially at rest, V = 0, and there 
is no force, P = 0; this condition is represented in the V-P 
diagram by point 1. At?¢t = 0 instant (t-z diagram) a force P, is 
applied at the end A. The problem is to find the velocity and 
force in all cross sections of the bar at subsequent instants of 
time. 

The changing of the loading at the end A from zero to P; con- 
stitutes a disturbance, as a result of.which the velocity is changed 
from zero to V2, the new state of the end A being defined by point 
2, situated on the tan a@ line drawn from point | at its intersection 
with the P = P, line. This disturbance travels toward the end 
B of the bar. On its arrival there, after the elapse of L/V time, 


1 By O. R. Wikander, published in the June, 1945, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans, A.S.M.E., vol. 67, p. A-101. 

2 Professor of Engineering Research, Engineering Experiment 
Station, The Pennsylvania State College, State College, Pa. Mem. 
A.S.M.E. 

3 Graphical Analysis of Surges in Mechanical Springs,’’ by Kalman 
J. DeJuhasz, Journal of The Franklin Institute, vol. 226, 1938, pp. 
505-526, and 631-644. 

“Graphical Analysis of Impact of Elastic Bars,’’ by K. J. DeJuhasz, 
JOURNAL OF AppLIED MEcuHanics, Trans. A.S.M.E., vol. 64, 1942, 
p. A-122. 

Discussion by K. J. DeJuhasz of paper: ‘Calculation of Load and 
Stroke in Oil-Well Pump Rods,” by B. F. Langer and F. H. Lam- 
berger, JouURNAL oF AppLieED Mecnanics, Trans. A.S.M.E., vol. 65, 
1943, p. A-178. 
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the bar tension is relieved, ? = 0, and the new state of the bar 
will be represented by point 3 in the V-P diagram, which is at 
the intersection of the tan (—a) line drawn from point 2 with the 
P = Oline. This is a new disturbance which travels from end B 
to end A, as shown in the ¢-x diagram by the line tan (-—¢) 
drawn from the point 1, representing the ¢ = L/V instant of 
time. This procedure is continued in the manner shown; a tr 
diagram is obtained showing the triangular zones 1,2,3,4,5,6, 
ores ; each of which zones is characterized by a V-P condition 
as given in the V-P diagram by similarly marked points 1,2,3, 


Erecting the V and P co-ordinates, as ordinates, over the plane 
t, x as a base, the stereogram of force, Fig. 1(c), and the stereo- 
gram of velocity, Fig. 1(d) are obtained. Any cross section of 
these at a given x value will give the history of force, respectively, 
of velocity at that point in the bar. Forming the integral v dt = S 
and erecting these values over the f,2 plane as a base gives the 
stereogram of travel, Fig. 1(e). 

It is seen that the force and velocity existing at a given instant 
are different at the different cross sections X of the bar, except at 
the instants L/V, 2L/V, 3L/V,....andso on. 

Case 2. A Constant Force Acts on a Body Connected to a Solid 
Elastic Bar. This phenomenon is illustrated in Fig. 2 of this dis- 
cussion, with the approximation that the “body” is treated as a 
short thick bar of 1, length, having a wave resistance a/ mii = 
tan y, and the bar itself as having a greater length L. = 4 1, and 
a smaller wave resistance V =tana. Thespeed of propaga- 
tion 
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= V ko/ms = tang 


is assumed to be the same for both bars. 

‘ine t-x diagram is shown in Fig. 2(a), and the V-P diagram 
in Fig. 2(b). This latter shows the points 2,4,6,8, ... . character- 
izing the state of velocity and force for the point A, the points 
3,5,7,9, .... for point B, and points 4’,6’,8’,10’..... for point C. 
From the tz and v-p diagrams, stereograms of force, velocity, 
and travel could be obtained in a manner similar to that shown 
for Case 1. Instead of that, only the history diagrams of velocity 
and force are given in Fig. 2(c), for the three points A,B, and C 
in the bar. 

Other cases dealt with in the paper could be treated by the 
method of graphical analysis, but even these two examples show 
the clarity, easy applicability, and flexibility of the graphical 
method, which is able to yield an insight into the fine details of 
the phenomena, which is not possible to attain by mathematical 
methods, or only at prohibitive labor and complication. 

The mathematical and graphical methods complement each 
other; broadly it can be stated that the mathematical method 
has the advantage in the solution of steady states, while the graphi- 
cal method has the advantage in the solution of transient phe- 
nomena. 


AUTHOR’s CLOSURE 


The method of graphical analysis, developed by Mr. DeJuhasz, 
and applied by him to two elastic-bar problems, is very interesting 
and should be useful in the solving of and the checking of the 
solution of other problems of that nature. 
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The analytical method used in the paper is largely based on a 
graphical analysis of the mechanics of an elastic bar, published 
in an earlier paper.‘ For this reason as well as due to space 
limitation, derivations and explanations were kept to a mini- 
mum. 

In a companion paper,® treating the application of elastic bar 
mechanics to railroad trains, a more generous use has been made 
of graphic illustrations so as to make up for the deficiency to 
which Mr. DeJuhasz refers. 


Design of Crankpins for Locomotives’ 


KENNETH CaRTWRIGHT.? The failure of a main crankpin on a 
modern high-speed locomotive usually results in serious conse- 
quences. For this reason, most roads limit the life of main crank- 
pins to that which experience has shown to be acceptable with- 
out service failures, and the pins are arbitrarily renewed on this 
basis. This results in considerable recurring maintenance ex- 
pense. An increase in the fatigue life of main crankpins will both 
minimize possibility of service failures and also reduce mainte- 
nance expense. 


4 “Draft Gear Action in Long Trains,” by O. R. Wikander, Trans, 
A.S.M.E., vol. 57, 1935, pp. 317-334. 

5 “Draft Gear Action in Train Service,” by O. R. Wikander, Trans. 
A.S.M.E., vol. 66, 1944, pp. 691-696. 

1 By O. J. Horger and W. I. Cantley, published in the March, 
1946, issue of the JouRNAL or AppLiep Mecuanics, Trans. A.S.M.E., 
vol. 68, p. A-17. 

* Chief Mechanical Engineer, New York, New Haven, and Hart- 
ford Railroad, New Haven, Conn. Mem. A.S.M.E. 


Unfortunately, on modern steam locomotives in so far as the 
actual design of the crankpin is concerned, there is not much 
that can be done. The diameter of the wheel-fit portion of the 
pin is limited by the diameter of the driving axle, the stroke, and 
the necessity of leaving a sufficient bridge of metal in the whee! 
center between the axle and crankpin fits. On modern locomo- 
tives with high piston thrust, the diameter of the wheel-fit portion 
of the crankpin under the foregoing limitations necessarily results 
in high unit stresses. The diameter of the side-rod journal of 
the pin is usually the same diameter as the wheel-fit portion of the 
-pin, being necessitated by limitations of bearing pressure in the 
middle connection bushings, and this combination of equal di- 
ameters of the side-rod journal portion and wheel-fit portion of the 
pin results in the least favorable design from the standpoint of 
fatigue life. 

Inasmuch as these limitations preclude designing the pin so as 
to reduce the unit stresses, it is necessary, in order to increase the 
fatigue life, to develop some means of increasing the resistance 
of the pin to breaking under high unit stresses. This might be 
done by changing the material. Results of a questionnaire sent 
to the locomotive voting members of the Association of American 
Railroads (A.A.R.), however, showed that the great majority of 
main crankpin failures occurred with pins made of plain-carbon 
steel, and also that the great majority of main crankpins removed 
by reason of having reached a mileage limitation, or having 
reached a wear limit, or found cracked on inspection were plain- 
carbon-steel pins. It was therefore decided that if some means 


could be found to increase the fatigue life of the plain-carbon- 
steel pin, immediate benefit would result. 


12\ /14\/16' 
Cc 

2 4 6 8 100 16) 49 

4' 20' 22" 2g'24') 26°32" 34! 


DISCUSSION A-309 


The paper clearly outlines the work that has been done along 
these lines and shows that by various methods of treating the 
surface of the wheel fit of the crankpin, increases in fatigue life 
up to double that of the conventional plain-carbon-steel crankpin 
can be obtained. The work is by no means complete and addi- 
tional tests now in progress and those contemplated will undoubt- 
edly afford other and perhaps better means of accomplishing the 
desired results. 

Results to date, however, do afford those railroads having 
difficulties with plain-carbon main crankpins with means of im- 
proving the performance. The various methods, as outlined in 
the paper, are simple and reliable and capable of being readily 
integrated with existing shop practice. 


Morris P. Tayuor.* As described, the method of fatigue-test- 
ing on parts of actual size is accurate and eliminates all possible 
seale effects, as well as the effect of size on strength of the forged 
steel used. However, as the paper is somewhat in the nature of a 
preliminary report, as stated by the authors, it may be pertinent 
to discuss several factors that should be investigated in the sue- 
ceeding work, as follows: 

1 Many locomotive crankpins do not have a uniform diame- 
ter of hub fit and side-rod journal portion, as did the parts 
tested. Probably,in a majority of cases the hub fit is from '/, 
to 3/, in. larger than the side-rod journal when new; and as the 
side-rod journal is re-turned at general shoppings the difference 
may be as much as */, in. before the pin is removed. The con- 
necting radius is usually '/, or */s in., the pin having about the 
form as shown in the left-hand illustration in Table 6 of the 
paper. It would be interesting to determine by test whether 
this enlargement of the hub fit is advantageous and to what ex- 
tent. It is also important to know the best dimension for the con- 
necting radius of fillet, within the limits as allowed by the 
side-rod bearing. 

It is also evident that with rolled pins, type 3, the technique 
would have to be altered owing to the connecting fillet, and also 
the fillet would have to be rerolled when the pin is quartered and 
turned without removing it from the wheel. — Possibly the best 
method would be to shot-blast the fillet. 

2 In all the tests described, the pins were apparently pressed 
in from the outside of the wheel hub, and part of the loss of fit, 
as shown in Fig. 23 of the paper, may have been due to the scruf- 
fing effect as the pins were pressed in. There are several good 
arguments for reversing this process, and pressing the pins into 
the wheels from the inside,‘ so the surface of the bore next to the 
outer face (on a locomotive) is not scruffed by the entire length 
of the pin fit being pressed past it. Of course such a method 
could not be used with the type 2 fit, as the taper is at the wrong 
end; but it might be possible to bore the hub with a slight taper, 
smaller on the outside by 0.003 in. or so, and obtain an excellent 
fit with uniform distribution of pressure between hub and pin. 

3 It is shown that flame-hardening is of advantage but is 
a questionable practice due to possible thermal cracks. Possibly 
the process of induction-hardening, because of the exact control, 
would give better results, especially as the hardness could be 
held to various limits as were indicated by test results. 

4. It would be well to try the effect of prestressing the bore of 
the hub, by pressing through a slightly oversized tapered plug, 
or some such method, to get an autofrettage effect. This might 
eliminate the fretting corrosion. 

5 Several designs of stress-relieving grooves may be worth 


3 Engineer, Joshua Hendy Iron Works, Sunnyvale, Calif. Mem. 
A.S.M.E. 

‘The terms ‘inside’ and ‘‘outside’’ have been used as applying 
to an actual locomotive; thus in Fig. 11 of the paper, the outside 
would be the side of the wheel on which the force is applied. 


trying. One possible method would be to put a rolled groove in 
the pin, next to the hub. It would also be possible to put an in- 
verted fillet in the hub to relieve the stress concentration at the 
face of the wheel. 

The research carried out thus far, as outlined in the paper, is 
of great value to locomotive designers. The foregoing discussion 
is not in any way meant as a criticism, but entirely as a series of 
suggested topics that are worth considering for future research, 
The only possible criticism is that the Association of American 
Railroads should have started work along these lines some years 
ago, as crankpin overstressing has been a serious problem on 
large locomotives for many years. 


AUTHORS’ CLOSURE 


The discussion of both Cartwright and Taylor indicates a 
keen realization of the many controversial factors involved in 
crankpin design practice. Many of the influences mentioned by 
Taylor have been under investigation. Application of some of 
these ideas indicate that much benefit will be derived but this 
will be the subject for a later progress report. 


A Uniform Method for Determining 
Angular Accelerations 
in Mechanisms’ 


A. E. R. pe Jonce.? Before commenting on the author’s paper 
proper, the writer deems it necessary to say first a few words about 
the science of mechanisms and particularly about its subsidiary 
science, kinematics, with which the paper is concerned. 

During more than a decade previous to the publication of the 
writer’s first paper on kinematics and mechanisms,’ only a few 
papers had been published in this country on these subjects, and 
although they professed to present something new, they 
scarcely did so in reality. After the presentation before the 
A.S.M.E. in 1941 of his second paper,‘ by which the writer had 
tried to stir up a more active interest in the science of mechanisms 
and its subsidiary sciences,®§ he had the satisfaction of seeing that 
a few papers on mechanisms and particularly on accelerations in 
complex linkages appeared, among which there were of especial 
interest two by Messrs. Hall and Ault.67 After the writer’s 
third paper® had been presented before the A.S.M.E. in December, 
1943, some further papers appeared, from which there may be 
selected for special mention one by L. Beskin.® All these 
papers, which are the most significant ones on plane kinematics 
published in this country, deal with but one particular phase of 
this science, namely, with accelerations. Now, a further paper 
on this same subject has been presented by Professor Koenig.! 

One cannot escape the temptation of making some comparisons 


1 By L. R. Koenig, published in the March, 1946, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 68, p. A-41. 

2 Mem. A.S.M.E. 

3 “Kinematic Synthesis of Mechanisms,” by A. E. R. de Jonge, 
Mechanical Engineering, vol. 62, 1940, pp. 537-542. 

4“What is Wrong With ‘Kinematics’ and ‘Mechanisms’?”’ by A. 
E. R. de Jonge, Mechanical Engineering, vol. 64, 1942, pp. 273-278. 

§ Author's closure to the discussion on (4), Mechanical Engineering, 
vol. 64, 1942, pp. 744-751, particularly p. 745. 

* “How Acceleration Analysis Can Be Improved,” by A. S. Hall, 
and E. 8. Ault, Machine Design, vol. 15, part 1, 1943, pp. 100-102, 
162, and 164; part 2, ibid., March, 1943, pp. 90-92, 168, and 170. 

7 “Auxiliary Points Aid Acceleration Analysis,’’ by A. S. Hall and 
E. S. Ault, Machine Design, vol. 15, no. 11, November, 1943, pp. 120— 
123, and 234. 

8 ‘‘A Brief Account of Modern Kinematies,”’ by A. E. R. de Jonge, 
Trans. A.S.M.E., vol. 65, 1943, pp. 663-675. 

* ‘Simplified Method Shortens Acceleration Analysis,” by L. 
Beskin, Machine Design, vol. 16, June, 1944, pp. 113-116. 
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between the papers cited. In the first paper by Messrs. Hall and 
Ault, these authors considered it necessary to use complex 
quantities in order to attain their end. This was entirely un- 
necessary, as the result could have been obtained with quite 
elementary means. In their second paper? the same authors 
returned to simple vector equations, which, undoubtedly, is a 
most commendable step, although they still used an analytical 
approach. Mr. Beskin, on the other hand, showed® how the same 
result could have been obtained by means of the inflection circle 
and inflection “pole,” to which the writer had drawn attention 
in his third paper. Mr. Beskin, incidentally, caught an error by 
Messrs. Hall and Ault in the designation of a “floating link’”’ 
in their second paper. Mr. Beskin’s much simpler method led 
him to the same result which the two authors had obtained by 
more complex analytical methods. Mr. Beskin’s approach is 
therefore a step in the right direction, keeping Lord Kelvin’s 
well-known statement in mind, to which the writer has referred 
several times on previous occasions, namely, that a problem is 
never solved until it has been reduced to its simplest terms. The 
only fault that can be found with Mr. Beskin’s paper is that he, 
too, has used algebraical formulas to determine simple vector 
quantities while using otherwise a geometrical method, but it is 
due to the latter that he arrived at a considerable simplification 
of the problem. Actually, he could have used the geometrical 
method all the way through with still greater simplification in 
obtaining his final result. 

Let us now consider Professor Koenig’s paper. He, too, deals 
with the limited subject of accelerations, indicating thereby that 
this subject is yet uppermost in the minds of American engineers. 
The writer still hopes that his third paper,’ “A Brief Account of 
Modern Kinematics,’ may ultimately prove an incentive for 
American engineers to attack the far more difficult problems of 
kinematic synthesis of mechanisms. A slight attempt in this 
direction has been made by two young students of the City 
College of New York, who presented a paper entitled ‘A System 
of Kinematic Analysis” before the student branch of the A.S. 
M.E. at that college. Although they dealt with a system of 
“analysis” of mechanisms, this system has a distinct bearing 
on the kinematic synthesis of mechanisms. The system they pre- 
sented is Assur’s system of the composition of link mechanisms. '® 

Professor Koenig starts from the two different expressions for 
the pole velocity of two plane systems rotating about fixed centers 
in a third and fixed system, the “frame.” By expressing this pole 
velocity by the respective angular velocities and the “radii of the 
instantaneous rolling circles,’ which, in fact, are nothing but 
the pole distances, he obtains a basic equation which he subjects 
to differentiation with respect to time. Then he substitutes in the 
various terms of this differential equation the meaning of the dif- 
ferential quotients as well as the original equation from which he 
started, and obtains thereby, in a straightforward manner, a 
relation which contains only the known angular velocities, the 
acceleration of a member of known motion, and the velocities of 
change of length of the pole distances as known quantities. 

This is indeed a simple solution, and to the best of the writer’s 
knowledge, this solution is new. For this reason he recom- 
mended the paper for presentation before the A.S.M.E. when 
requested for his opinion about it. As this is a completely new 
approach, Professor Koenig deserves commendation for having 
added this interesting solution to our knowledge of the theory of 
accelerations. 

Although the writer has no fault to find with the method as 
such, there are a few pitfalls which he believes should be pointed 
out here. One of these Professor Koenig has mentioned himself, 
namely, the great importance of determining the proper signs for 
the various terms of his final equation. This is absolutely es- 

10 The paper exists only in manuscript form. 
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sential if correct results are to be obtained. A second pitfall is 
the scaling of the various quantities from the diagrams with the 
appropriate scales, before the terms can be caleulated. In this 
process errors in scaling may easily be committed due to the 
different scales that have to be used. The third, and by far 
the most important pitfall, however, is that the “rotopoles” which 
are required to be found, do not always fall within the limits of 
the paper on which the diagrams are drawn. In that case a 
different approach will have to be used which Professor Koenig 
has neither explained nor even indicated. 

It is a great pity that this method of solution does not lead 
to acompletely graphical determination of the final result, that is, 
of the desired angular acceleration. Nevertheless, the caleula- 
tions are simple, and once the various terms are calculated from 
the scaled quantities of the diagrams, the calculation of the angu- 
lar acceleration consists only of additions and subtractions. 

Professor Koenig then shows the application of this method 
to a crank-lever mechanism, that is, to a four-link chain, one link 
of which is fixed. He determines first the angular acceleration of 
the lever from the known velocity and angular accelera- 
tion (the latter assumed to be zero) of the crank. No fault can 
be found with this application, the most interesting part being 
the way in which he obtains graphically the velocities of change 
of the pole distances. 

Secondly, he determines for the same mechanism the angular 
acceleration of the connecting rod, using the same method but 
applying the principle of inversion. Although this application 
of the new method is quite correct, in practice, where time is the 
most essential factor, he would not have had to go to all this 
trouble as he could have obtained it by applying some known 
theorems from the theory of accelerations. For this angular 
acceleration of the connecting rod can be obtained far more 
simply from the known total accelerations of its two end points. 
That of the crankpin can be determined geometrically with ease 
since only a normal acceleration is present (the angular accelera- 
tion of the crank, and thus the tangential acceleration of the 
crankpin, being assumed to be zero). The other for the lever- 
connecting pin can also be obtained easily once the angular 
acceleration of the lever has been found; for instance, by Pro- 
fessor Koenig’s method as used in the first part of the example. 
This angular acceleration determines the tangential component 
of the lever-pin acceleration, and its normal acceleration is 
derived readily, in a graphical way, from its velocity and the 
length of the lever. By combining both, the total acceleration 
results, and consequently also the distribution of the total ac- 
celerations along the whole length of the connecting rod. The 
end points of the components of these accelerations normal to 
the connecting rod lie on a straight line which makes with the 
center line of the connecting rod an angle that measures the 
angular acceleration of the connecting rod. However, it was Pro- 
fessor Koenig’s intention to illuStrate, by this second part, the 
application of his method to the case of a generally moving 
link and at the same time, the usefulness of the principle of 
inversion. 

The writer has to find one important fault with Professor 
Koenig’s paper. This fault is not attributable to him, however, 
but rather to the Applied Mechanics Division who prepared it. for 
publication. When the paper was first presented to the writer 
for his opinion of it, the paper contained a number of further ex- 
amples of application, among which the last, which referred to a 
complex mechanism, was by far the most interesting. In that 
case the method proves particularly valuable because. it still 
remains relatively simple while other methods become far more 
involved. That these examples were eliminated from the paper 
is definitely to its detriment, and must be regretted very much 
by the profession. It is the writer’s considered opinion that the 
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author should be permitted to publish the missing part of his 
paper, perhaps in his “author’s closure’? to the discussion, in 
which case, however, further opportunity should be made svaila- 
ble to discuss this missing part. 

A few remarks must be made, however, regarding some of the 
details and terminology of the paper, for there are a number of 
items which the writer appreciates, and others which he does not 
like. 
away from the antiquated and cumbersome terminology, and to 


Among the former is the courage of the author to break 


use instead some of the new terms proposed by the writer, es- 
pecially the term “rotopole.”” However, the author did not follow 
through, for he speaks of “instantaneously fixed lines k’’ of 
rotopoles, instead of calling these simply ‘“‘pole lines kh.” He 
also has the courage of calling the three-pole theorem the ‘Aron- 
hold” theorem instead of “Kennedy's” theorem, as recommended 
by the writer. 
truth. On the other hand, he has not followed the advice of 
the writer of using for the line connecting the end points of the 
velocities of a link the accepted term ‘theta line,’’S but calls this 
line instead the “proportioning line’? and has designated it by 
J in the text and by vin the figures. This introduces only further 
confusion, and the writer hopes that the author will change his 
mind and use in the future the now firmly established terms 
“theta line” and “theta angle.’’8 

The greatest fault to be found with the author’s paper concerns 
his extremely cumbersome system of notations which unneces- 
sarily complicates the reading of the paper. Had he adopted the 
Kuropean system of notations, the paper would be far simpler 


This is appreciated for the reason of historical 


and more pleasant to read. Thus he speaks of ‘‘point systems,” 
meaning, however, ‘‘plane systems’’ of points, lines, curves, 
angles, ete. Had he designated the systems by S;, Se, S3,...., 
or simply by 1, 2, 3, ...., points by capital Roman letters and 
line segments by lower-case Roman letters, he would not have 
found it necessary to use for a line segment such cumbersome 
combinations as (ab—af) for example. Had he even designated 
the rotopoles of systems 1 and 2 by Py», of systems 2 and 3 by 
P.;, and of systems 1 and 3 by P;, he could have written the line 
segments between rotopoles as Py2P23, PisP2, Pi2Pis, or simply by 
lower case Roman letters, as he finally has done, and so forth. 
Velocities are usually designated by a lower case v with subscript, 
while turned velocities in the velocity diagrams (that is, velocities 
turned by 90 deg in the direction of the acting angular velocity) 
Pole 


lines are usually designated by a lower case p with subscript, pole 


are frequently designated by a capital V with subscript: 


velocities by a lower case u, and, if necessary, with a suitable 
subscript, the cireles of curvature of the polodes (not the “instan- 
taneous rolling circles’) by a x with appropriate subscripts, while 
@ is reserved for variable angles. There is no reason why the 
“frame” should be designated by a capital Roman F, as it is 
simply a link (or system) of a kinematic chain, which latter, by 
fixing this link to the surrounding space, becomes a definite 
mechanism. Use of superscripts is to be avoided and is generally 
unnecessary, as they may lead to errors in being taken for powers. 
Only primes are permissible. 

In addition, the author speaks of “kinematic layouts’? and 
“vector layouts” instead of using the accepted terms of “kine- 
matic skeleton diagrams,” or simply “skeleton diagrams,”’ and 
“vector diagrams” or “vector polygons.’ An almost unpardona- 
ble sin, however, is the changing of notations in examples relat- 
ing to mechanisms obtained from the same kinematic chain, by 
fixing only a different link in the different examples. These are 
some of the more outstanding defects. 

Nevertheless, these defects should not detract from the real 
value of the paper, for Professor Koenig has produced a very 
creditable piece of work on which he should be complimented 
highly and which, no doubt, will prove useful to the profession. 
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As stated, it forms a valuable addition to our knowledze of the 
theory of accelerations. 


AvTHoR’s CLOSURE 


The author appreciates Mr. de Jonge’s thorough understanding ° 
of the subject, his constructive criticism, and his efforts to en- 
courage a more active interest in the sciences of mechanisms and 
kinematics. 

He is in agreement with Mr. de Jonge’s position that the sub- 
ject of kinematic synthesis of mechanisms deserves more atten- 
tion, and is of the opinion that an important key will be found in 
that field when there is discovered a thoroughly sound criterion 
for kinematic constraint in mechanisms. He hopes in the future 
to perfect one that in its present formative stage is too complex. 
Meanwhile, his paper was directed particularly toward the sim- 
plification of acceleration problems in mechanisms because in his 
experience, these, by the usual methods, became so involved in 
cases of complex machines as to invite the use of empirical meth- 
ods. 

Mr. de Jonge’s analyses of the author’s basic procedure and 
applications are correct. Regarding pitfalls, any prospective 
user of the new method has, between Mr. de Jonge and the 
author, been sufficiently warned. Fortunately, the requirements 
for maintaining proper signs and scales systematically are within 
expected engineering skill. 

The matter of rotopoles falling off the paper constitutes a more 
serious problem. When it occurs it may be offset, to some ex- 
tent, by such means as are used in velocity analyses requiring 
rotopoles; for example, (1) by reducing scale in positions involving 
remote rotopoles not at infinity, in so far as is possible before 
accuracy is unduly sacrificed; (2) by using the so-called con- 
necting-link and orthogonal-component method of velocity 
transfers; and (3) trigonometrically calculating distances to 
inaccessible rotopoles. It may be pointed out that rotopoles at 
infinity often give less trouble than distant finite points, because 
the resulting constructions frequently become degenerate in such 
a way that answers become obvious. Thus for example, in Equa- 
tion [13] of the paper, when rg becomes infinite, ag becomes 0. 
While, from the viewpoint of the labor involved, the three pro- 
cedures mentioned are not ideal, many mechanisms occur wherein 
such procedures are not required. The following is an example 
to the point (Fig. 1 of this closure), in which the terminology of 
the author’s original paper has been retained. 

The author would at this point prefer to adopt a larger number 
of Mr. de Jonge’s suggested system of notation (some have been 
adopted in the following), éxcept that a substantial consistency 
between this communication and the author’s original paper is 
believed to be imperative. 

Fig. 1 shows a quick-return mechanism A, B, C, F in which the 
driving crank A is 2 in. long to full scale. The other dimensions 
are in proportion. Let w, = 3 radians per sec, and a, = 0. 
Required is the angular acceleration ag of the lever B in the 
position shown. The frame of reference is F. 

Determine the rotopoles bf, af, and ab, establishing pole line 
k, as shown; also ac and cb. To full scale rg = 1.66, and rg = 
5.16. To a convenient scale draw V,. = w,(ac af)=3*X 
2 = 6 in. per sec. 

Vector V,, has two components, V1,, representing the instan- 
taneous translation of line (ac cb) parallel to itself along line 
(ac——hf); and V?,, representing the tangential velocity of point 
ac on line (ac ch). Note that the line (ac cb) also has 
absolute rotation around center bf as it swings with (ac——f), 
to which it remains perpendicular. Vector V',, is transferred to 
point ab as V1,,. This represents the component of translating 
movement of line (ac cb) parallel to itself. This movement 


affects the position of point ab. 


: 

| 

= 
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Returning to V*,,, the theta line 8 from point f proportions 
V2,,, Which is placed at rg from bf. Swing V2,, into ab and 
draw V%,, which represents the velocity effect on point ab had by 
the rotary component of movement of line (ac cb) around 
center bf. Add V%,, to V',, by transferring V°,, to V‘4,,. Vector 
V5,, drawn from the end of V‘,, and parallel to (ac——cl) and 

reaching to pole line k determines V*,, = = a. 

V*,, represents (—2.19) in. per sec to the same scale that V,, = 

6 in. per sec. The negative sign indicates that r4 and rg are 


Velocity 


d d 
decreasing, and hence that and 


stituting in Equation [13] of the original paper, we obtain 


1 3 X 1.66 


= — 0.863 


are decreasing. Sub- 


radians per sec per sec, deceleration of B. 

It will be noted that in at least the usual proportions of this 
mechanism, no required rotopole becomes inherently inaccessible, 
regardless of the position of the mechanism, and on the foregoing 
basis an entire history of its acceleration throughout a cycle can 
be conveniently determined. It should be noted that only the 
direction of cb is required. 

This example is one of those which were in the author’s original 
manuscript before condensation for publication. The remaining 
two examples, which Mr. de Jonge believes should also appear, 
are shown in Figs. 2 and 3 of this closure. The example of Fig. 2 
shows how pole-velocity operations may be performed on the pole 
line k without an inversion and by vector subtraction. The ex- 
ample in Fig. 3, as mentioned by Mr. de Jonge, is of interest in 
showing the relative simplicity of the method when applied to a 
complex mechanism. 

Fig. 2 shows a slider-crank mechanism A, B, C, F, in which the 
crank A is 2 in. long, actual size. The other links are in propor- 
tion. Let w,4 = 10 radians per sec, and a, = 10 radians per sec 
per sec. The dependent angular acceleration of link B is re- 
quired. 

Lay out the linkage to scale in the proper position and deter- 
mine the necessary rotopoles as shown, particularly af, ab, and bf, 
determining pole line k. Since the crank length (af——ab) is 
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dr 
constant it may be seen that _ = 0. However, rgis changing 


in time, this being due to the change in time along moving pole 
line k of the intersection at bf. The movement of this intersec- 
tion bf on the pole line is determined by the relative movements 
of the lines (be——cf) and (af ab) extended. Lay out V,, 
perpendicular to line (af——ab) and by the theta line 9! find the 
parallel vector V'y, which is the movement of a point coincident 
with bf but on line (af——ab) extended. Note that line (af——ab) 
swings on point af. Point bf may also be considered to have a 
coincident point on line (be cf) which is translating parallel 
to itself and with the slider C. This translation is found by swing- 
ing V,, into (be cf) and drawing V',,. Then drawing the 
theta line 8? determines V,, which, reproduced as V4, is the 
motion of a point coincident with bf on line (be——cf). Vee- 
torially subtract V4, from V%,, as indicated, thus obtaining vec- 
tor (V%,, — V'y) shown. This represents the translation at bf 
of line (be-——cf) relatively to line (af——)f). A component vee- 


tor V4,, drawn through the end of this vector parallel to (be——cf) 
represents the relative motion of hf along line (be——ef) and 
etermines 

dt 


Now V., = wa(af— ab) 


= 10 X 2 = 20 in. per sec, and to 
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the same scale that V,, represents 20 in. per sec, V*, represents 
54.4 in. per sec = we Also, by scale, r4 = 2 and rg = 6.06. 
Substituting in Equation [13] of the original paper, we obtain 

ap = -(4 x 514) + (10 X 2) | = — 26.35 


6.06 
radians per sec per sec deceleration. 

Note that when A is vertical, rz becomes infinite and ag = 0, 
constituting one of the degenerate dimensional cases previously 
mentioned. Also, rg may be calculated when Pf falls off the 
paper, being a determinable part of the hypotenuse of the right 
triangle af, bf, be, the base and angle of which (under the crank) 
are known, r4 being also known. WV'y may also be computed 
being in a simple right triangle. From this point on the graphi- 
cal vector subtractions and additions may be brought into the 
area of the drawing board since they may be laid out inde- 
pendently of the mechanism skeleton. 

In the complex mechanism which is of particular interest 
and shown in Fig. 3 of this closure, let link A be 2.13 in. 
long; w,4 = 2radians per sec counterclockwise; and a, = —10 
radians per sec per sec deceleration. Required is the angu- 
lar acceleration of link B. Note that link B has both of its con- 
nections through C, A and £, D twice removed from the reference 
frame F. By former methods this problem would be extremely 
troublesome. 

Solution: Determine the rotopoles shown, including af, ab, 
and bf on pole line k. The other centers shown are of use in the 
solution, as will appear. V,, = w4(af——ac) = 2 X 2.13 = 4.26 
in. per sec. Let the velocity scale at full size be 0.50 in. = 4.26 
in. per sec. Invert the mechanism, holding A and allowing F to 
move. Draw V,, to the chosen scale and rotate it to p on F and, 
in view of the inversion, reverse it to produce V,. By means 
of the theta line #! determine V'y, noting that df is on link D 
which in the inversion rotates about ad. Rotate V'4, into (ed— 
—ad), thus obtaining V*y. By means of the theta line 8? find 
Vig. Now line (ac——cd) determines the movement of ab 
considered to be on (ac——cd). This line rotates on ac in the 
inversion. Therefore, by the theta line 3 find V,,. A line 
drawn through the end of V,, parallel to (ac——-cd) determines 


dr 
= 
4.26 X 0.61 


0.50 
from the fact that r, is shortening. 


Since V,, to full scale is 0.61 in. long, V*,, = 


dr 
= —5.18 in. per sec = The negative sign arises 
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d 
As to 7! or V*,,, it depends upon the motion of line (6d ——df) 


relative to the pole line k. This is because (bd——df) extended 
determines bf. Since (bd——df) contains line (d——4d) in link 
D which swings about point ad, swing V',, into the radius line 
(ad bf) obtaining V*y and by the theta line 3 find Vy. A 
line drawn through the end of Vy parallel to (df bf) deter- 
mines V*,, = 1.04 in. (full scale). Now V*,, — V*, represents 
the rate at which rg is decreasing =. 0.61 — 1.04 = —0.43 in. 


4.26 —0.43 d 
Then << ) = —3.66 in. per sec = 2. 


To full scale rg = 2.46; rg = 2.46. This equality is coinciden- 
tal. Then substituting in Equation [13] of the original paper we 
obtain 


1 2 X 2.46 


+ | 10 x 2.40] = —9.56 


radians per sec per sec decleration for link B. 

This problem brings out the point that the rate at which rz 
changes may depend upon the relative velocity of two rotopoles 
along the pole line k. However, the third pole on pole line k 
never moves, since it is always chosen on the frame. The ex- 
amples given herein and in the original paper therefore exhaust 
all of the variations which will occur in respect to rotopole move- 
ments on the pole line. 

Referring to the questions of notations which were raised, the 
author agrees that a lower-case p is a more appropriate index for 
the pole line; a lower-case u for pole velocity; and zw for the 
circles of curvature of polodes (the author’s instantaneous rolling 
circles). He is not convinced that the designation of a line seg- 
ment as P;2P2; is any simpler than, or as descriptive as (a a) 
or (ab——af), for example. Superscripts were intended mostly 
to indicate sequences in the procedures. In any event, and 
fortunately, the controversial designations were used only in the 
proofs and examples, and do not appear in the working Equation 
[13]. Nevertheless, Mr. de Jonge’s suggestions will be kept in 
mind on any future work on this subject. Some of the author’s 
choices of designations grew out of his way of looking at the 
problem—“‘instantaneous rolling circles,’ for example. 

In closing, the author wishes to thank Mr. de Jonge for his 
generous appraisal of the paper. It is sincerely hoped that his 
predictions as to the usefulness of the work to the profession will 
be fulfilled. 


Book Reviews 


Experimental Stress Analysis 


EXPERIMENTAL Stress ANALYSIS Proceedings of the Society 
for Experimental Stress Analysis, vol. 3, no. 1. Edited by C. 
Lipson and W. M. Murray. Published and distributed by Ad- 
dison-Wesley Press, Inc., Cambridge, Mass., 1945. Cloth, 81/2 
X 1lin., xviii and 154, $5. 


REVIEWED By A. M. Want! 


HE present volume, edited by C. Lipson and W. M. Murray, 
consists of a collection of twelve articles which treat a rather 
wide variety of problems having to do primarily with the deter- 
mination of stress in structures and machine components and 


. 1 Mechanics Department, Research Laboratories, Westinghouse 
Electric Corporation, East Pittsburgh, Pa. Mem. A.S.M.E. 


the evaluation of the effects of these stresses in terms of danger of 
failure. Many of the papers report very interesting observations 
of service failures and methods for reproducing these failures in 
the laboratory. However, it was the reviewer’s impression that 
the value of several of these papers could be enhanced considera- 
bly for designers in general if more detailed theoretical stress 
analyses were given to supplement the experimental work. Per- 
haps the omission of such theoretical matter is justifiable, how- 
ever, in a publication devoted primarily to experimental meth- 
ods. 

Coming now to individual articles, there are three papers de- 
voted largely to applications and uses of wire resistance (SR-4) 
strain gages. The first of these by L. M. Ball on “Strain Gage 
Technique” contains much detailed technical information relat- 


ap = —— 3] 2 ———  X (3.66) 
2.46 1 | | | 2.46 


ing to the use of SR-4 gages, which should be of direct value to 
engineers using these gages in practical work. Such subjects as 
thermoelectric potentials, kinds of adhesives, music-wire leads 
for locations subject to vibration, strain-gage circuits, gage adap- 
tations for measuring deflections, and the like, are treated in this 
paper. The second paper by K. F. Sibila treats the use of wire 
resistance gages in wind-tunnel models and describes the associ- 
ated electrical equipment. The third paper on SR-4 gage appli- 
cations is by Thurston and Cushman on precision determination 
of weight. The primary element in this equipment, used for de- 
termining loaded weights of airplanes, consists of a small cell 
(weight 2'/. 1b) containing steel columns to which are cemented 
SR-4 gages. Load on the columns is measured by the change in 
resistance of the gages. Although the capacity of each cell is 
50,000 lb, the authors state that visible deflection of the cell may 
be obtained by pressing on it with the finger; this gives an indi- 
cation of the sensitivity of the device. 

The use of models in stress analysis is treated in four papers. 
The first of these by 8S. F. Tingley discusses models for structural 
problems such as are encountered in airship design. This paper 
brings out the difficulty of simulating, in a model girder, the vari- 
ous stiffnesses of the prototype. A model girder of the so-called 
“fishworm”’ type, which is used for stiffness simulation, is dis- 
cussed in considerable detail. Another paper by Pearce and 
Modrovsky treats the use of a plastic model (made from a slab 
of lucite) of a double row aircraft engine crankshaft. This paper 
gives an interesting analysis of stresses around an oil hole in a 
crankshaft based on elastic theory for an infinitely wide plate. 
The peak stress thus obtained is reduced in the ratio of 2.2 to 3 
on the basis of strain measurements on several crankshafts. In 
the reviewer’s mind, there is some question as to the accuracy of 
the stress distribution obtained theoretically for an infinitely 
wide plate when applied to a shaft with a transverse hole, and it 
would seem desirable to check this using short-gage-length ex- 
tensometers on a large model. However, as these authors point 
out, too great accuracy in the stress analysis is futile in this case 
because of the large unknown factor of stress increase due to 
resonant vibration in engine crankshafts. 

Another paper treating of model methods is that by T. J. Hig- 
gins on ‘‘Stress Analysis of Shafting as Exemplified by Saint Ve- 
nant’s Torsion Problem.” Among other things, this author dis- 
cusses discrepancies in the published torsional stress-concentra- 
tion factors for shafts having fillets or grooves as obtained from 
various sources. It is suggested that there is need for further 
tests on actual shafts in order to resolve the differences in the 
published results. 

In a paper on “Photoelasticity as a Designer’s Tool,” R. E. 
Orton treats the use of photoelastic models in the design of a tool 
for a steel strapping band. This paper also gives considerable 
detail relative to the technique of annealing and polishing bake- 
lite models. 

The application of brittle coatings to the study of impact 
stresses is discussed by Ellis and Stern. Practical problems in- 
volved in the use of brittle coatings for analysis of impact prob- 
lems are considered. Interesting patterns showing strains in the 
breech of a shotgun on firing and in an aircraft landing-gear strut 
are also presented. 

Certain problems connected with aircraft-engine design are 
discussed by F. R. McFarland. This author shows that bolt 
tightness is an important factor in reducing the variable stress 
range at critical locations in connecting rods due to a given load 
range. As shown by other investigators, it is also brought out 
that, because of variations in friction coefficient, bolt torque is 
not a good indication of bolt tightness. Another pertinent con- 
clusion reached in connection with torsional fatigue failures of 
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highly stressed splines is that the index error of the spline is an 
extremely important factor in the fatigue strength. 

The inadequacy of static tests as a measure of strength of air- 
plane structural components is clearly indicated in a paper by 
Jewett and Gordon, These investigators reach the conclusion 
that for structural parts subject to repeated loading in service 
(even for relatively few cycles) a repeated-load test is necessary to 
duplicate service types of failure while a static test may be mis- 
leading. It is of interest to note that in many components of the 
aircraft structure failure may occur within about 5000 to 15,000 
cycles or less at loads under 4/, the ultimate statie strength. An- 
other article dealing with airplane components is that by G. E. 
Holback which treats of shear tests on various types of riveted 
joints for .iuminum sheets. An interesting correlation of a large 
amount of test data on different types of riveted joints by means 
of nondimensional methods of plotting is given in this paper. 

A rather comprehensive investigation of the effect of mechani- 
cally induced residual stresses (due to shot-peening, surface-roll- 
ing, or cold-bending) in an aluminum alloy is reported in an 
article by D. G. Richards. In this investigation, residual stresses 
were measured by determining the change in curvature of a simple 
rectangular beam, as successive surface layers were machined off. 
This author reports that for specimens rolled crosswise of the 
longitudinal axis there was a residual compressive stress at the 
surface, while for specimens rolled parallel to the longitudinal 
axis there was a residual tension at the surface with the specimen 
in equilibrium after rolling. It would be of interest to have an 
explanation of why these residual tensions are produced in some 
cases by surface rolling. Another point brought out by this in- 
vestigation was that by simple cold-bending of a V-notch speci- 
men the fatigue strength may be increased up to 100 per cent in 
some cases, The beneficial effects of shot-peening on stress corro- 
sion resistance are also emphasized. 

It is the reviewer’s opinion that tiis collection of articles will 
warrant considerable study by engineers, designers, and stress 
analysts. 

Torsional Vibration 
EvaLuaTION OF Errects OF TorsSIONAL VIBRATION. S.A.E. War 
Engineering Board, October, 1945. (Compiled by the Torsional 
Vibration Committee of the 8S.A.E. War Engineering Board for the 


use of the U.S. Navy at the Request of Capt. L. F. Small, Bureau 
of Ships.) Cloth, 8 X 11 in., 577 pp., illustrated, $5. 


BY BerNarp Ucko? 


ONFRONTED with a rather disturbing variety of approach 
and treatment of the torsional vibration problem, the U. 5. 
Navy requested the S.A.E. War Engineering Board to sponso: 
committee activities with the object to gather, from experienced 
and authoritative sources, a comprehensive survey of the state ot 
the art. 

This volume is the final report of the Torsional Vibration Com- 
mittee. Owing to its origin it is presented as a series of indepen- 
dent company contributions rather than in the sequence deter- 
mined by the subject matter. The ensuing danger of discontinu- 
ity has been largely overcome by a concise yet comprehensive 
summary. 

Deviating from its actual arrangement the book may be di- 
vided into four parts: (1) Measuring techniques; (2) calcula- 
tion methods; (3) evaluation of nominal stresses, including 
stress-concentration and fatigue considerations; (4) recommen- 
dations and plans for further activities. 

The first section gives a broad survey of practically all instru- 
ments. The General Motors phase-shift torsiograph, described 
2 Mechanical Engineer, International-Plainfield Motor Co., Plain- 
field, New Jersey. 
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by L. F. Hope, is based on the measurement of the phase differ- 
ence between two signals. The absence of contact brushes and of 
seismic elements should avoid some of the difficulties usually 
encountered in electrical instruments. The General Motors 
mechanical torsiograph is a development of the well-known 
Summers instrument. It proves that satisfactory results can be 
obtained with a reasonably simple apparatus. The absence of a 
continuous record remains, however, a definite disadvantage if 
accurate evaluation is intended. J. D. Swannack and F. P. 
Porter present a thorough investigation of continuously record- 
ing mechanical instruments of the seismic type. 

Chrysler (L. M. Ball, 8S. T. Foresman, FE. E. Zimmerman, and 
H. R. Smith reporting) uses mechanical and electrical instru- 
ments, both employing the seismie principle. The mechanical 
polar torsiograph utilizes a light beam as the indicating medium. 
This permits phase determination and should facilitate limiting 
the record to its proper duration, which is rather troublesome on 
the mechanically indicating polar type. The electrical methods 
are based on the velocity pick-up pioneered by Sperry—M.1L.T., 
but employ integrating amplifying circuits of original design. 
The use of a recording frequency analyzer appears to be an inno- 
vation in vibration recording. The description of the circuits 
emphasizes the pains taken to obtain stability of calibration. 

Caterpillar, as reported by A. Goloff, relies on the conventional 
velocity pick-up method for simple installations while using an 
interesting applicafion of strain gages on more complicated sys- 
tems. Direct strain measurements permit, of course, stress de- 
termination without recourse to computed normal elastic lines. 
The results are obviously satisfactory, although the preparatory 
work of wiring and bonding the numerous strain gages must 
necessarily be a time-consuming task. 

The General Motors walking-beam calibrator, discussed by 
\. W. Zmuda, is apparently the first mechanical device which 
permits independent changes of rotational as well as of vibra- 
tional frequencies during operation. The Caterpillar rocking- 
arm calibrator is actuated by a cam rather than by the usual 
eccentric, 

The chapters on calculations were contributed by L. F. Hope, 
C. Criswell, F. P. Porter, L. M. Ball, 8S. T. Foresman, and A, 
Goloff. Hope discusses various methods, noting the increasing 
use of mechanical aids. C. Criswell describes the design problems 
of the G.M. “harmonic balancer.” F. P. Porter illustrates his 
unique reduction method with a number of numerical examples 
which prove conclusively the accuracy of this approach. A second 
article by Porter is an exhaustive treatise on pendulum dampers, 
including even the less frequently met forms of this device. 

L. M. Ball calls attention to the usefulness of electrical analo- 
gies. The simplified calculation method by the same author uses 
the conception of a torsional standing wave. There is no doubt 
that much time can be saved by this and also by analogy meth- 
ods. The question arises, however, whether the physical signifi- 
cance of every step remains as evident as by the use of more con- 
ventional means. S.T. Foresman relates the evolution of damper 
designs within the Chrysler Corporation, illustrating the use of 
rubber in shear. A subsequent section is devoted to pendulum 
dampers. The conclusions concerning the proper fields for rub- 
ber and pendulum dampers are most interesting. The following 
report by Ball deals with the procedure followed in applying 
rubber dampers to automotive engines. A. Goloff concludes the 


survey of dampers with an interesting study on the design and the 
application of pendulum dampers. Not everybody, however, will 
agree with his conclusions. There is little doubt that the rather 
expensive pendulum damper is out of place wherever a simpler 
and cheaper device will suffice. 

Papers by C. W. Gadd, J. O. Almen, A. L. Boegehold, L. M. 
Ball, Dr. C. Lipson and H. W, Fall form the section on the evalua- 
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tion of nominal stresses. Gadd, Ball, and Fall outline the object 
and technique of stress analysis and of fatigue testing of erank- 
shafts. 
There is obviously no agreement whether torsional fatigue tests 


Significant differences in their approach are apparent. 


should be made on full crankshafts, on a complete throw, or on a 
single journal specimen. These divergent opinions may be caused 
by the widely different engine types investigated. Full shaft or 
full throw specimens appear to be best suited as they are likely 
to include the influence of the manufacturing processes. A 
closer agreement exists in respect to bending-fatigue tests, 
where a single throw can approximate the actual loading condi- 
tions. Gadd’s views that cast aluminum and magnesium speci- 
mens are not suitable for static tests can not be shared without 
reservations. The inherent lack of complete homogeneity in cast 
elements should not affect tests which are usually made on two 
or more specimens. The low modulus of the light metals, on the 
other hand, facilitates the strain measurements. Fall’s precise 
and clear discourse on the significance of nominal stresses is a 
particularly pleasant example of technical reporting. The im- 
portance of residual stresses is discussed by Almen. Boegehold 
surveys crankshaft steels and their heat-treatment, no mention 
being made of cast materials. Dr. Lipson contributes a brief 
report on fatigue tests of aircraft-engine journals. The effect of 
progressive understressing is of special interest. 

The book concludes with reports and recommendations. De- 
tailed suggestions cover the specifications of torsiographs. In- 
strument manufacturers would do well to be guided by these 
laboratory-tested recommendations. Torsional-vibration data 
summary forms, suggested by Prof. Den Hartog, call attention to 
the desirability of arriving at generally accepted agreements on 
this subject. 

It is hoped that the proposed co-operative test program will be 
continued, although the war emergency has passed. 
gested revision of torsional stress specifications will be of interest 
to engine builders as well as to the underwriting companies. 

The proposed investigation of calculation methods, aimed at 
simplification, is likely to prove difficult. It is somewhat puz- 
zling why the first step in this direction, the use of a common termi- 
nology, has not been taken here. Beyond this, standardization 
in these matters can necessarily not go far without conjuring the 
danger of regimentation. 

Although clearly and readably written this report is, of course, 
by no means a textbook for beginners. To the engineer who 
is familiar with the subject, however, it is certain to prove of 
great value. The vast experimental and analytical experience, so 
generously proffered by the numerous contributors, makes the 
book a unique addition to the library of every engineer interested 
in vibration problems. 


The sug- 


Statistical Thermodynamics 


STATISTICAL THERMODYNAMICS. By Erwin Schrédinger. Second 
edition. The Macmillan Company, Cambridge University Press 
Department, New York, N. Y., 1946. Cloth, 5 X 7!/2 in., 88 pp., 
$1.50. 


REVIEWED BY JOSEPH Kaye? 


T is uncommon to find a masterly exposition of the basic prin- 
ciples of statistical thermodynamics in a mere booklet of 88 
pages. Schrédinger’s little book is just that. Perhaps one rea- 
son for the unusual nature of the book is that its author is one of 
the founders of quantum mechanics. 
The book is composed from a series of seminar lectures de- 
livered at the School of Theoretical Physics, Dublin Institute for 
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Advanced Studies. The method of attack consists of a critical 
analysis of the assumptions usually made in solving the basic 
problem in statistical thermodynamics, namely, how to deter- 
mine the distribution of a given amount of energy over N identical 
systems. In the first few chapters the method of the most prob- 
able distribution and Gibbs’s method of the mean distribution 
are carefully analyzed and it is shown that both methods lead to 
the same result. 

In the last two chapters the author discusses some of the in- 
teresting results of statistical analysis. The third law, the Gibbs 
paradox, the comparison of ‘‘classical” and quantum mechanics, 
the Fermi-Dirac and tke Bose-Einstein statistics, and the prob- 
lem of radiation are discussed with clarity and understanding. 

This book is not recommended for engineers who are not trained 
in the field of statistical thermodynamics or who are not well 
versed in the mathematical methods used in the treatment. For 
those who are and, in particular, for teachers of thermodynamics 
it will be an invaluable aid. 


Mathematical Theory of Elasticity 


MATHEMATICAL THEORY OF Exasticity. By I. S. Sokolnikoff and 
R. D. Specht. Cloth, 6 X 9 in., vii and 373 pp. and 57 figures. 
McGraw-Hill Book Co., Inc., New York, N. Y., 1946. $4.50. 


Reviewed by C. B. Biezeno* 


N the preface to his book, after having made some introductory 
remarks, the author states that his treatise, having to deal 
with objects of the real world, is not concerned with the world of 
abstraction. Its prime concern is to reduce to calculations the 
stresses and strains in an elastic body subjected to the action of a 
system of prescribed external forces. On the other hand, it may 
be stated that neither does the book deal with the innumerable 
elementary questions which are encountered in elementary engi- 
neering practice, the solution of which can be given by all those 
who have followed the normal courses of applied mechanics at 
any of the universities in this country. It has been written for 
the rapidly increasing number of research engineers who have to 
deal with the more intricate problems in the field of applied 
mechanics and who therefore must be acquainted with the under- 
lying mathematical principles of their science. From this point 
of view it can only be expected, that the author lays great stress 
on the formal side of his subject, and it is not surprising that, 
in departure from the practice commonly followed in books on 
applied mathematics, the tensor calculus is introduced to con- 
vince the reader of the use of this discipline in some special fields 
(as, for example, the theory of shells) and of its compactness and 
clarity. It must be appreciated however, that the insistence on 
tensor notation is not carried too far, and no better proof of the 
sense of reality of the author can be given than by this statement, 
that whenever the economy of thought achieved by tensor 
symbolism is in doubt, it is dropped in favor of the customary 
scalar notation. The first three chapters are dedicated to the 
analysis of strain, the analysis of stress, and to the stress-strain 
relations (100 pages). 

The fourth chapter (180 pages) representing the bulk of the 
book is devoted to the extensive mathematical treatment of 
homogeneous beams under tension, torsion, and flexure. In this 
chapter a characteristic feature of the book comes into full de- 
velopment and when a special problem requires the elucidation of 
some mathematical expedient, mathematical excursions are made. 
In this way the reader gets conveniently acquainted with the com- 
plex form of Fourier series, with some results of the complex 
variable theory (the theorem of Harnack, the formulas of Schwarz 
and Poisson), conform mapping, curvilinear co-ordinates, etc. 
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The mechanical treatment of the beam can be said to be a most 
exhaustive one. 

The fifth and last chapter of the book is concerned with the 
variational methods which find their principal exponent in the 
theorem of minimum potential energy. Here again the reader is 
incidentally made acquainted with mathematical discipline: the 
variational problem and Euler’s equation. The principal me- 
chanical subjects treated here are: the theorems of work and 
reciprocity, the Rayleigh-Ritz method, Galerkin’s method, the 
error function, the estimation of error in the minimal integral, and 
the stress function for torsion, relaxation of boundary conditions. 

Whereas Love’s unsurpassed treatise on elasticity and some 
other books in the same field will still be used by a relatively small 
number of specialists, it may be expected that this book will be 
used by a greater number of scientific workers in the field of ap- 
plied mechanics. The authority of the author, showing itself in 
his broad knowledge of the foreign literature and in his clear 
style, will be recognized by everyone who reads the book with 
due attention. 


Hydraulics 


A TREATISE ON APPLIED Hyprautics. By Herbert Addison. Third 
edition. John Wiley & Sons, Inc., New York, 1945. Cloth, 
5'/4 X 8'/ain., ix and 614 pp. $6.50. Illustrated. 


REVIEWED By A. T. Girrorp® 


HE change in title of this third edition from “textbook” 

to “treatise” is in keeping with the author’s statement in his 
original preface that ‘‘The purpose of this book is to present a 
compact summary of the fundamental principles of hydraulics, 
and of the manner in which they are applied by the engineer.” 
In the present volume the last part of the purpose definitely 
overshadows the first and thereby brings the book into the cate- 
gory of a reference work. 

Part 1 is in the nature of a textbook, but the proofs are some- 
what abbreviated and at times not too rigorous. The continuity 
of thought, however, is excellent and the field of hydraulic theory 
is well covered. The chapters on flow through closed conduits 
and dynamic pressure of liquids are extremely well written. 
There are many excellent graphs included in this portion of the 
book and several excellent tables. It is very interesting to note 
that all tabular values are given in both English and metric 
units. 

Part 2, on practical applications of hydraulics, covers practical 
piping problems, control of water in open channels, hydraulic 
turbines, all types of pumps, hydraulic transmission of energy, 
and hydraulic measurements. The charts and tables in this sec- 
tion are very useful and should cover almost all situations met 
with in practice. Where necessary the author has introduced 
additional theory to cover the specific principles involved in 
the particular hydraulic machinery under discussion. He has 
made a special effort to include all methods of using and operat- 
ing hydraulic machinery and also the best construction methods. 
The fact that he has used principally English machinery and 
methods in his descriptions and illustrations in no way detracts 
from the value of this portion of the book. 

The almost 200 examples in the back of the book covering 
every chapter are very well chosen. Detailed solutions are given 
for approximately fifty per cent of them and the answers are 
given for the remainder. The large bibliography included in this 
book has been assembled from all parts of Europe and the United 
States and enhances the value of this book as a reference work. 


5 Associate Professor of Hydraulic Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. 
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Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Sections, the Journal of Applied Mechanics (contribu- 
tions of the Applied Mechanics Division), certain records of the Society of permanent 
value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is mailed as a supplement to one of the regular monthly 
issues of the Transactions. For 1946, the first of these, the present issue, contains 
the personnel of the Council and committees for the year. Another, to be issued 
sometime later in the year, will contain memorial notices of deceased members. 
The indexes to miscellaneous publications, J/echanical Engineering, and to the 
Transactions themselves, must, necessarily, be issued in 1947, and will probably be 
mailed as a supplement to the January issue of that year. 

In binding the 1946 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for some years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 
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D. Robert Yarnall 


D. Robert Yarnall, co-founder and president of the Yarnall-Waring Company of 
Chestnut Hill, Philadelphia, Pa., and for more than a quarter of a century promi- 
nently and actively identified in an engineering capacity, was born on June 28, 1878, 
in Delaware County, Pa., a son of Edward S. and Sidney S. (Garrett) Yarnall, both 
of American Quaker ancestry for generations. 

D. Robert Yarnall attended Westtown School and the University of Pennsylvania, 
from which he was graduated in 1901 with the degree of bachelor of science in mechani- 
cal engineering. He received the further degree of mechanical engineer in 1905. 

Shortly after his collegiate career he went to work for the Coatesville Boiler Works 
and allied companies as an engineer and remained with them for five years. His next 
position was with Stokes & Smith Co., Philadelphia, in a similar capacity, with whom 
he also remained for five years. In 1912 be became vice-president and general manager 
of the Nelson Valve Company of Philadelphia and held this position until 1918. In 
1908, with B. G. Waring, he organized the firm of Yarnall-Waring Company and has 
been continuously identified with the company to the present time, today holding 
the office of president of the company, to which duties he devotes most of his time 
and attention. The company manufactures power-plant specialties. He is also a 
director and president of the James G. Biddle Company of Philadelphia, who are 
manufacturers of electrical instruments. 

He became a junior member of the A.S.M.E. in 1903, a member in 191], and a 
Fellow in 1936. He was a manager of the Society from 1917 to 1920. As the repre- 
sentative of the A.S.M.E. he served as director and chairman of the Committee on 
Public Affairs of the American Engineering Council. He has been a director and vice- 
president of The Engineering Foundation; trustee of The Franklin Institute; president 
of the Engineers’ Club of Philadelphia for the term of 1929-1930; vice-president and 
director of the American Friends Service Committee; member of Sigma Xi fraternity. 
For eleven years he was presiding clerk of the Philadelphia Yearly Meeting of the 
Society of Friends; and he is chairman of the board of directors of Pendle Hill School 
and of the Committee of Westtown School. He is also a professional engineer of the 
State of Pennsylvania, and a member of the Engineers’ Club of New York and the 
Philadelphia Cricket Club. 

On November I, 1957, Mr. Yarnall was elected president of the United Engineering 
Trustees—joint agency for the four founder societies of civil, mining and metallurgical, 
mechanical, and electrical engineers. 

Mr. Yarnall’s work at design and construction in conjunction with his business for 
more than forty years has resulted in many patents on valves and steam specialties. 
These devices, manufactured by his company, are in use in practically every govern- 
ment controlled steam-operated ship, as well as in all high-pressure steam-generating 
plants in the United States. He is the author of technical papers which have been 
published in Mechanical Engineering and A.S.M.E. Transactions. 

He was awarded the Hoover Medal in 1941, and in the following year was made 
Doctor of Engineering by Lehigh University. 
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Mr. Yarnall served as a member of the Commission having charge of feeding 
German children in 1920, being stationed there for about nine months, and during 
the latter part of his stay in Berlin served as chairman of that Commission. In 1924 
he was again sent to Germany under the auspices of the American Friends Service 
Committee and the General Allen Committee, having charge of the liquidation of 
the relief program. In June, 1938, he and Mrs. Yarnall were sent by American Friends 
Service Committee to Austria to assist in organization of relief of refugees. Subse- 
quently, as a representative of this Committee, he went to Berlin to protest to the 
German government against atrocities of 1938-1939. In 1941, he was a member of 
the Commission to England to make a survey of relief needs due to the war and to 
consult the British Government about the shipment of more food through the blockade 
for the aid of children and mothers of France. He was appointed a member of the 
City Planning Commission, Philadelphia, Pa., in 1942, and was reappointed in 1944 
for a full term of five years. 
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COMMITTEE REGIONS 


REGION I 
Boston PROVIDENCE 
BRIDGEPORT WATERBURY 
GREEN MOUNTAIN WESTERN MAssa- 
HARTFORD CHUSETTS 
New HAveN WORCESTER 
New Lonpon 

REGION II 


METROPOLITAN (N.Y.) AND MEMBERS 
OvuTsmwE THE UNITED STATES 
(Excerpt OnrARIO SECTION MEMBERS) 


REGION III 


ANTHRACITE-LEHIGH PHILADELPHIA 


VALLEY PLAINFIELD 
BALTIMORE ROCHESTER 
BUFFALO SCHENECTADY 
CENTRAL PENNSYL- SUSQUEHANNA 

VANIA SYRACUSE 
ITHACA WASHINGTON, D.C. 

REGION IV 
ATLANTA P1EDMONT-NORTH 
BIRMINGHAM CAROLINA 
East TENNESSEF RALEIGH 
FLORIDA SAVANNAH 
GREENVILLE VIRGINIA 
MEMPHIS 

REGION V 
AKRON-CANTON ONTARIO 
CINCINNATI PENINSULA 
CLEVELAND PITTSBURGH 
CoLUMBUS TOLEDO 
DAYTON WEsT VIRGINIA 
DETROIT YOUNGSTOWN 
ERIE 

REGION VI 
CENTRAL ILLINOIS MINNESOTA 
CENTRAL INDIANA NEBRASKA 
CHICAGO Rock RIver VALLEY 
Fort WAYNE St. JoSEPH VALLEY 
LOUISVILLE Sr. Lovuts 
MILWAUKEE Tri-CITIES 


REGION VII 


INLAND EMPIRE UTAH 
OREGON WESTERN WASH- 
SAN FRANCISCO INGTON 


SouTHERN CALtI- 
FORNIA 


REGION VIII 


COLORADO 
Kansas City 
M1p-ConTINENT 


New ORLEANS 
Nortu Texas 
SoutH Texas 


| 
$ 
| 


BOARD OF REVIEW 


JoHN Haypock, Chairman (1946) 
T. M. Knoop (1947) 
A. D. BLAKE (1948) 


BOARD ON CODES AND STANDARDS 


Howarp CoonLey, Chairman 

Joun FE. LOveLYy 

Chairmen of Committees on Boiler Code, 
Power Test Codes, Safety, Standardiza- 
tion, A.S.M.E. Representative on Ameri- 
can Standards Association, Ex-O ficio 


BOARD ON TECHNOLOGY 


R. F. Gage, Chairman 
C. B. Peck, Vice-Chairman 
(To be appointed) 


Chairmen of Committees on Sections, Meet- 
ings and Program, Professional Divisions, 
Publications, Research, Ex-0 ficio 


COMMITTEE ON NUCLEAR ENERGY 
APPLICATION 


A. D. Chairman 
A. L. BAKER 

G. B. PegRamM 

A. R. STEVENSON, JR. 
W. I. WESTERVELT 


ENGINEERS’ CIVIC RESPONSI- 
BILITIES 


Roy V. Wrigut, Chairman 
Gano DUNN 

I’, A. FAVILLE 

M. H. Fries 

LILLIAN M. GILBRETH 

H. B. Oatley 

J. W. Roe 

H. H. SNELLING 

D. Ropert YARNALL 


Chairmen of Committees on Sections and 
Relations With Colleges, Ex-Officio 


Junior Representative 
W. WITANEN 


AS.M.E. SOCIETY RECORDS, PART 1 


SPECIAL COUNCIL COMMITTEES 


(Dates in parentheses denote expiration of terms) 


FREEMAN AWARD 


CLARKE FREEMAN, Chairman 
E. C. HutcHiNson 
W. H. McBrype 


INTERNATIONAL RELATIONS 


R. M. Gates, Chairman (1946) 
Ernest Pragst (1947) 
JosePH Pore (1948) 

R. S. Damon (1949) 

F. B. Turck (1950) 


Advisory Members 


W.L. Barr 

WALLACE CLARK 

M. L. Cooke 

Howarp CooNnLey 

Cou. P. R. FAYMONVILLE 
A. M. GREENE, JR. 

H. A. LARDNER 

J.C. PARKER 

E. A. Pratt 

H. S. Rogers 

Mas. Gen. C. M. 


Secretary 
G. H. KUECHLER 


LECTURESHIPS 


C. B. Peck, Chairman 
A. G. CHRISTIE 

H. N. Davis 

W. F. DurRAND 

F. L. WILKINSON, JR. 


MEMBERSHIP DEVELOPMENT 


W. M. SHEEHAN, Chairman 
J. CALVIN Brown 

H. C. R. CarRLson 

W. L. H. 


(Continued) 


MEMBERSHIP DEVELOPMENT 
(Continued) 


J. W. ESHELMAN 
D. Kk. Freips 
Davip LARKIN 

J. J. McCartuy 
T. S. McEwan 
Roscor W. Morron 
A. R. MuMForp 
W. O’BRIEN 
W. L. RicHEsoN 
P. T. SowpEN 

L. W. WALLACE 
J. WALSH 


ORGANIZATION 


WALLACE CLARK, Chairman 
H. V. Cogs 

R. M. GATES 

ALFRED IDDLES 

J. Kates 

G. L. 
President-Elect, Ea-Officio 


PENSION 


G. L. Knieut, Chairman 

K. W. Jarre, Treasurer 

W. H. Sawyer, Chairman, Finance Com- 
mittee, fiicio 


REGISTRATION OF ENGINEERS 


W. G. Curisty, Chairman 
S. H. Grar 

J. A. McPHERSON 

F. H. Proutry 

Darrow 

H. H. SNeviine 


Junior Representatives 


To be appointed 
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AMERICAN ASSOCIATION FOR 
ADVANCEMENT OF SCIENCE 


THE 


SECTION M, ENGINFERING 


D. CARVIN R. L. SackrTr 


AMERICAN DOCUMENTATION 
INSTITUTE 


Hl. W. CRAVER 


AMERICAN STANDARDS 
ASSOCIATION 


ALFRED IppLes (1946) 
W. H. Hint (1948) 
Alternates 


C. B. LePage (1946) 
W. C. MvELLER (1946) 


AMERICAN YEAR BOOK 
CORPORATION 
C.K. DAVIES 
CENTER FOR SAFETY 
EDUCATION 


R. GRANNISS 


THE ENGINEERING FOUNDATION 


J. ScHvuYLER CASEY (1947) 
A. A. Porrer (1947) 
W. Trinks (1948) 


COLUMN RESEARCH COUNCIL 


L. H. DoNNELL H. L. WurrreMorE 


S. TIMOSHENKO 
RESEARCH PROCEDURE COM MITTEE 
W. Trinks (1946) 


K.1.C.-A.8.M.E. JOINT CONFERENCE 
(The Engineering Institute of Canada) 


A. G. CHRISTIE A. FE. WHITE 
J. W. PARKER 
ENGINEERING SOCIETIES 
BOARD 


KE. F. Cuurcn, Jr. (1947) 

P. H. Harpre (1948) 

G. F. BATEMAN (1949) 
Secretary, A.S.M.E., Ex-Officio 


LIBRARY 


ENGINEERING SOCIETIES MONOGRAPHS 
COM MITTEE 


J. A. Gorr (Professional Divisions) 
J. M. Juran (Publications) 


ENGINEERING SOCIETIES PERSON- 
NEL SERVICE, INC. 


Ernest Hartrorp, President of the Corpo- 
ration and A.S.M.E. representative, 
Metropolitan Advisory Committee 


(Continued) 
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A.S.M.E. REPRESENTATIVES ON OTHER ACTIVITIES 


See also A.S.M.F. Representatives on Other Research Committees, ete., pages RI-27, 32, 36, 87, 39 
(Dates in parentheses denote expiration of terms) 


ENGINEERING SOCTETIES 
NEL SERVICE, INC. 


(Continued) 


Rh. N. OsTeRMAN, Chicago Advisory Com- 
mittee 

C. J. Frevunp, Detroit Advisory Committee 

H. J. Bere, San Francisco Advisory Com- 
mittee 


ENGINEERS’ COUNCIL FOR PROFES- 
SIONAL DEVELOPMENT 
R. L. GorrzeENBERGER (1946) 
W. ParKER (1947) 
YOUNGER (1948) 


COMMITTEE ON EMPLOYMENT CONDITIONS 
FOR ENGINEERS 


WARNER SEELY 


ENGINEERS JOINT COUNCIL 
(Presidents and Secretaries of National 
Societies) 

President 
Junior Past-President + E.r-Officio 
Secretary 
Nubcommittees 
ECONOMIC STATUS OF THE ENGINEER 
Ek. G. BAILey P. T. ONDERDONK 
L. J. FLETCHER 


ORGANIZATION OF ENGINEERING PROFESSION 


H. V. Coes P. T. ONDERDONK 


ENGINEERS’ NATIONAL RELIEF 
FUND 


ERNEST HartTroRD 


JOHN FRITZ MEDAL BOARD 
OF AWARD 


J. W. ParKer (1946) 
H. V. Cors (1947) 
R. M. Gates (1948) 
A. D. (1949) 


GANTT MEDAL BOARD OF AWARD 


FE. H. (1946) 
J. M. JURAN (1947) 
D. B. Porrer (1948) 
J. A. (1949) 


DANIEL GUGGENHEIM MEDAL 
BOARD OF AWARD 


J. M. CLarK (1946) 
C. B. (1947) 
A. R. Stevenson, Jr. (1948) 


JOSEPH A. HOLMES SAFETY 
ASSOCIATION 


J. F. BARKLEY 


PERSON- 


HOOVER MEDAL BOARD OF AWARD 


W. H. Kenerson (1947) 
S. F. Voorwees (1949) 
H. N. Davis (1951) 


INTER-AMERICAN DEVELOPMENT 
COMMISSION 


A. M. GREENE, JR. C. M. Mucunie 


W. H. McBrype 
INTERNATIONAL ELECTROTECH- 
NICAL COMMISSION 
U.S. NATIONAL COM MITTEE 


Paut DISERENS FrANcIS HopGKINSON 


MARSTON AWARD 

A. A. Porter (1949) 

NATIONAL BUREAU OF ENGINEER- 
ING REGISTRATION 


W. G. Curisty 


NATIONAL FIRE WASTE COUNCIL 
J. A. NEALE 


NATIONAL MANAGEMENT COUNCIL 


J. M. CLarK, Al- 
ternate 

J. M. JURAN 
ternate 

W. R. (1949)—D. B. Porter, Al- 
ternate 


(1948)—-F. A. Turck,  Al- 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL 
RESEARCH 


A. E. Waite (1948) 


ALFRED NOBLE PRIZE 


C. R. SoperBerG (1949) 


UNITED ENGINEERING TRUSTEES, 
INC. 


H. A. LARDNER (1946) 
G. L. Knient (1947) 
J. SCHUYLER CAsEy (1948) 


VERMILYE MEDAL ADVISORY 
COMMITTEE 


W. D. (1947) 


WASHINGTON AWARD COMMISSION 
H. S. Pumsrick (1946) 
J. R. (1947) 

WORLD POWER CONFERENCE 


EXECUTIVE COMMITTEE, U.S. NATIONAL 
COM MITTEE 


President, Ex-Officio 
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STANDING COMMITTEE 
J. A. Gorr, Chairman (1946) 
J. M. (1947) 
W. L. H. (1948) 
B.S. Carn (1949) 
T. R. Ontve (1950) 
Junior Advisers 
J. J. Jacoss, Jr. (1946) 
R. M. Titus (1947) 


Liaison Representative, Sections 


A. R. MuMrorp 


Applied Mechanics 
Organized, 1927 


H. Poritrsky, Chairman 


EXECUTIVE COMMITTEE 


H. Porttsky, Chairman 
H. W. Emmons, Secretary 
MARTIN GOLAND 

R. P. Kroon 

W. M. Murray 


Associates 


J.P. DEN Harroe G. B. PEGRAM 
RUPEN EKSERGIAN R. E. PETERSON 
J. N. Goopier FE. O. WATERS 
J. C. HUNSAKER B. M. Woops 


J. H. KEENAN 


Research Secretary 


JESSE ORMONDROYD 


Liaison Representatives 


Aviation Liaison Group, J. C. HUNSAKER 

Co-ordination Committee of Heat Transfer 
Division, H. W. EMMons 

Railroad Division Group, W. I. CANTLEY 

San Francisco Section, W. M. Moony 


JOURNAL OF APPLIED MECHANICS 
J. M. Lessetts, Editor 


SPONSORS 


Dynamics, F. M. Lewts 

Elasticity, STEPHEN TIMOSHENKO 

Experimental Stress Analysis, W. M. 
MuRRAY 

Fluid Mechanics, H. W. Emmons 

Lubrication, L. M. TicHvinsky 

Plasticity, A. L. NApAt 

Strength of Materials, C. R. SopErBERG 

Thermodynamics, J. A. GOFF 
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PROFESSIONAL DIVISIONS 


ArTICLE B6A, Par. 16: The Standing Committee on Professional Divisions shall, under the 
direction of the Council, have supervision of the Professional Divisions of the Society. 


Aviation 
Organized, 1920 


F. K. TEICHMANN, Chairman 


EXECUTIVE COMMITTEE 
F. K. TEICHMANN, Chairman 
J. E. YounGer, Evrecutive Secretary 
HERMAN HOLLERITH, JR. 
R. P. Kroon 
k. S. THomMpson 
W. WEICK 


Junior Advisers 


B. E. Det Mar 
F. H. Fow er, Jr. 


Martin GOLAND 


GENERAL COMMITTEE 
West Coast Committee 


T. E. Cotvin, Chairman 
L. M. K. 
JOHN DELMONTE 

W. E. Mason 

WILLIAM SCHROEDER 

F. R. SHANLEY 


Southwest Committee 
M. J. THompson, Chairman 


M. V. BARTON 


Central and East Committee 


N. P. BAILEY J.T. RETTALIATA 
LvuIs DE FLOREZ R. G. STANDERWICK 
R. M. Heintz J. E. SUTHERLAND 


R. B. Lea 
D. C. PRINCE 


F. L. YERZLEY 


Associates 
E. E. ALDRIN ALEXANDER KLEMIN 
J. M. CLARK FE. A. Sperry, JR. 
C. H. DoLan A. R. STEVENSON, JR. 
R. F. Gace 


Liaison Representatives, Professional 
Divisions 

Applied Mechanics, M. V. BArton, MARTIN 
GoLanpD, J. N. Gooprer, R. E. PETERSON, 
J. E. YOUNGER 

Heat Transfer, L. M. K. Borettrer, H. 
Gorpon, R. H. Norris, W. W. REASER 

Hydraulic, R. G. Fotsom, THEODORE VON 
KARMAN 

Industrial Instruments, Ep S. Smitn 

Management, R. E. 

Metals Engineering, R. G. Srurm, R. F. 
TEMPLIN 

Oil and Gas Power (Gas Turbines), R. F. 
Gaaa, C. W. Goon 

Production Engineering, R. F. Gaaa. 

Rubber and Plastics, JoHN DELMONTE, 
G. M. Kune, J. F. Downie 

Wood Industries, ALEXANDER KLEMIN 


Liaison Representatives, Other Activities 


Daniel Guggenheim Medal Board of Award, 
J. M. Ciark, A. R. STEVENSON, JR., C. B. 
VEAL 

Education and Training for the Industries, 
Standing Committee, A. R. STEVENSON, 
JR. 

Institute of the Aeronautical Sciences, J. E. 
YOUNGER 


BIOMECHANICS COMMITTEE 


F. K. TEICHMANN, Chairman 
L. D. Carson 

EvuGene DuBois 

RUPEN EKSERGIAN 

R. F. Gaae 

C. M. Gratz 

L. E. Grirrirn 

P. E. Hovearp 


NOISE CONTROL 


HerMan Jr., Chairman 
MARTIN GOLAND 

KENNETH JACKSON 

F. K. TeErcHMANN 


Consulting Engineering Group 
Organized, 19438 


M. X. WILBERDING, Chairman 


EXECUTIVE COMMITTEER 
M. X. WILBeRDING, Chairman 
P. L. BATTEYy 
J. G. BERGER 
S. LoGAN Kerr 
F. H. Provutry 


Fuels 
Organized, 1920 


J. Tosry, Chairman 


EXECUTIVE COMMITTEE 


J. E. Tospey, Chairman 
D. C. Weeks, Secretary 
T. C. CHEASLEY 

D. S. FRANK 

FE. R. 


Associates 

J. F. BARKLEY M. A. MAYERS 
R. J. BENDER J. R. 
E. D. BENTON C. FE. MILLer 
O. F. CAMPBELL A. R. MuMrorp 
A. H. CANNON A. L. NICOoLAl 
W. G. Curisty E. C. PAYNE 

B. J. Cross W. E. REASER 
R. B. EN@pAnHL R. L. Rowan 
M. D. ENGLE hk. A. SHERMAN 
H. F. Hesiey A. W. THORSON 


J. H. Kerrick 
W. J. King 
T. A. MarsH 


EF. C. Wess 
J. 1. YeELLorr 


~ 
» 


. F. BARKLEY 


AS.M.E. SOCIETY RECORDS, PART 1 


COAL TESTING CODE 
Organized, 1939, Jointly With A.I.M.E. 


t. L. Rowan, Chairman 
Tosry, Vice-Chairman 


A.S.M.E. Representatives 


A. R. MuMrorp I 
. C. CARROLL 


A. ForesMAN hk. A. SHERMAN 
2. M. HarpGrove L. A. SHIPMAN 
J. H. Kerrick A. W. THorson R 
T. A. Marsu 


DOMESTIC FUELS 


. ©. CHEASLEY R. A. SHERMAN \. 

A. Marsu J. L. 
T 


HONORS AND AWARDS 


G 
M. D. ENGLE 
JOINT AWARDS 
PERCY NICHOLLS’ AWARD COM MITTEE 

A.S.M.E. Representatives 
O. F. CAMPBELL (1948) 
J. F. BARKLEY (1950) 

MODEL SMOKE LAW 
J. F. BARKLEY, Chairman Ri 
O. F. CAMPBELL A 
A. G. CHRISTIE E. 
W. G. Curisty J. 
C. F. Harpy L. 
T. A. Marsu P. 
T. Purce. G. 
A. SHERMAN F 
i. R. TUCKER 


PROGRAM AND MEETINGS 


R. Katser, Chairman 

W. E. REASER 

G 

REVIEW OF PAPERS “4 

J. E. Topry, Chairman H 
M. D. ENGLE 
R. 
D. C. WEEKs 

G 

Graphic Arts N 

Organized, 1922, as Printing Industries E 

Division. Name changed, 1935. — 


Inactive E 


Heat Transfer 


4 Organized, 1938, as Heat Transfer Profes- A 


sional Group. Reorganized, 1941. , 
(Committees to be appointed) 


W. T. Rew = 


American 
The 


The 


Hydraulic 
Organized, 1926 


L. J. Hooper, Chairman 


EXECUTIVE COMMITTEE 
J. Hooper, Chairman 
Ricn, Secretary 
T. ABERNATHY 


J. F. Roperrs 


EF. B. Suare 


CAVITATION 


E. B. Swarr, Sponsor 
F. Moopy, Chairman 
. T. KNAPP 


. M. Mousson 


J. RHEINGANS 
_F. WISLICENUS 


Representatives of Other Societies 


Society for Testing 
F. N. SPELLER 
Engineering 
ERNEST BROWN 
Institution of Mechanical 


G. S. BAKER 


Institute of 


HYDRAULIC PRIME MOVERS 


F. Rorerts, Sponsor and Chairman 
. ABERLI 

H. CoLuins 

P. GROWDON 

F. HARZA 

L. Hestop 

JESSUP 


. H. Rogers 

ScHMIDT 

. O. SCHOMBERGER 
. H. VAN PATTER 


PUMPING MACHINERY 


r. T. ABERNATHY, Sponsor 


L. DauGHERTY, Chairman 
. F. 
ANS ULMANN 


WATER HAMMER 


R. Ricu, Sponsor 
LoGAN Kerr, Chairman 
. R. Grnson 
UGENE HALMOS 
F. Moopy 
. S. Quick 
. B. STROWGER 


Affiliated Societies and Their 
Representatives 


merican Society of Civil Engineers, N. R. 


Gipson, Forp Kurtz 


merican Water Works Association, F. M. 


Dawson, L. H. Kess_er 


Materials, 
Canada, 


Engineers, 
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Industrial Instruments and 
Regulators Division 


Organized, 1936, as Committee on Industrial ~ 
Instruments and Regulators, of Process i 
Industries Division. Reorganized, 
1943, as a Division 


Ep S. Smitn, Chairman 


EXECUTIVE COMMITTEE 


Ep S. Smitru, Chairman 
J. C. Peters, Secretary 
J. J. GREBE 

FE. 8S. Lee 

Hl. F. Moore 


COMMITTEE CHAIRMEN 


Application, R. D. Wess 

Bibliography and_ Translations, 
MASON 

By-Laws, E. D. 

Design, W. G. BROMBACHER 

Membership, C. F. Kayan 

Papers, P. W. Keppler 

Terminology, H. F. Moore 

Theory, A. F. Sperry 


H. L. 


Liaison Representatives 


M. F. Benar, Instrument Society of 
America 

C. O. Fatrcnitp, American Institute of 
Physics 

J. J. Grese, American Institute of Chemical 
Engineers 

K. H. Hvupparp, 

tion, Scientific 

America 

A. IvanorFr, The Institution of Mechanical 
Engineers 

Everett S. Ler, A.I.E.FE. Committee on In- 
struments and Measurements 

I. M. Stern, Gibson Island Conferences of 
American Association for the Advance- 
ment of Science 


Recorder-Controller Sec- 
Apparatus Makers of 


Machine Design Group 
Organized, 1945 


J. F. Downte Situ, Chairman 


EXECUTIVE COMMITTEE 


J. F. Downte Chairman 
B. P. Graves, Secretary 

CoLIn CARMICHAEL 

L. F. NENNINGER 

G. F. NorpENHOLT 


GENERAL COMMITTEE 


W. F. Huck 
P. W. Keppler 
M. H. KuHNER 
F. J. OLIVER 
R. E. Orton 
D. V. WaTERS 


J. B. ARMITAGE 
EARLE BUCKINGHAM 
E. W. CLEM 

P. T. 

T. F. GiTHENS 

K. M. Horr 


T 
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A. S. KNOWLES 
J. K. Loupen 
W. R. MULLEE 


E. H. HEMPEL 


W. R. MULLEE 


L. A. APPLEY 

J. R. BANGS 

R. M. BARNES 
W. L. Batt 

C. W. BEESE 
WALLACE CLARK 
H. V. Coes 

K. H. Conpit 
CARLOS DEZAFRA 
N. E. Evsas 

S. P. FIsHer 
W. D. FULLER 
L. M. GILBRETH 


Rk. E. 
G. E. HAGEMANN 
FE. H. HEMPEL 

P. E. HoLtpen 


W. F. Hosrorp 


Atlanta, S. C. HALE 


Management 
Organized, 1920 
A. I. PreTerson, Chairman 
G. M. Varga, Secretary 
CARLOS DEZAFRA, Assistant Secretary 
EXECUTIVE COMMITTEE 


A. I. PETERSON, Chairman 
J. A. WILLARD, Vice-Chairman 


Research Secretary 


Contact Secretary, Sections 


GENERAL COMMITTEE 


J. M. JURAN 

W. A. Kerr 

D. S. KIMBALL 
W. H. KusHnick 
H. B. MAyNarD 
T. S. McEwan 

L. C. Morrow 

P. T. Norton, JR. 
A. M. PERRIN 

D. B. Porter 

G. A. 

I. H. ScHELL 

E. L. Spray 


A. R. STEVENSON, JR. 


J. M. TaLBor 
F. B. Turck 
L. W. WALLACE 


Liaison Representatives, Sections 


Birmingham, H. L. FREEMAN 
Chicago, H. P. Dutton 
Cincinnati, R. J. SHortr 
Cleveland, G. T. TRUNDLE, JR. 
Columbus, P. N. LEHoczKyY 
Detroit, K. R. HERMAN 

Los Angeles, D. 8. CLARK 
Louisville, C. ELDRIDGE 
Metropolitan, M. 8. Symon 


Milwaukee, B. V. E. NorpBerG 


New Orleans, E. L. Cowan 


Philadelphia, C. Gorwa.s 
San Francisco, G. H. Rairr 


LEE 


Seattle, H. J. McINTYRE 

South Texas, V. M. FaArrRes 

Waterbury, R. S. Storrs 
SUBCOMMITTEE CHAIRMEN 


Administrative Organization, W. R. Mutr- 


Depreciation Studies, P. T. Norton, Jr. 
Distribution, F. B. Turck 


Industrial Conservation, A. M. PERRIN 
os Industrial Relations, W. H. KusHnick 
Ee Quality Control, A. I. PETERSON 
Work Standardization, J. K. LoupEN 
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Liaison Representatives, Other Activities 


Co-ordination Committee on Gas Turbines, 
J. A. WILLARD 

Co-ordination Committee of the Heat Trans- 
fer Division, J. M. TALsor 

Education and Training for the Industries 
Standing Committee, Linn1an M. 
BRETH 

Gantt Medal Board of Award: see page 9 

National Management Council: see page 9 

Plant Layout Standards Models Committee, 
G. E. HAGEMANN 

Professional Divisions Standing Committee, 
J. M. Tasor 


Materials Handling 
Organized, 1920 


F. J. Sueparp, Jr., Chairman 


EXECUTIVE COMMITTEE 


F. J. SHeparp, Jr., Chairman 
C. H. Barker, JR., Secretary 
C. F. Dierz 

R. W. MALLICK 

J. B. 


Associates 


H. E. Biank, JR. 
W. C. 

N. W. ELMER 

G. FE. HAGEMANN 
H. C. 
BERNARD LESTER 
M. C. MAXWELL 
R. H. McLain 

F. E. Moore 


P. D. OFSTERLE 
A. M. PERRIN 
M. W. Ports 
SIDNEY REIBEL 
R. B. RENNER 
k. D. 

H. E. SrocKer 
R. 


Junior Associates 


A. J. BURKE 
CORNELIUS CROWLEY 
EF. Z. GABRIEL 

R. W. GRUuNDMAN 


D. D. Jones 
W. G. PLENTY 
JOHN SCHUETTINGER 


MATERIALS HANDLING SAFETY 
COMMITTEE 


R. B. RENNER, Chairman 


SAFETY Cope FOR BULK MATERIALS 
CONVEYORS 


C. 8S. Huntineron, Chairman 


SAFETY CODE FOR PACKAGE CONVEYORS 
H. C. Keiver, Chairman 


PLANT LAYOUT STANDARDS 
MODELS 


R. W. MALLIcK 


STANDARD NOMENCLATURE 


M. W. Ports, Chairman 


STANDARDIZATION OF SHIPMENTS 
ON SKIDS AND PALLETS 


C. H. Barker, Jr., Chairman 
H. EF. Srocker, Vice-Chairman 
C. E .Mocnrir 

P. F. NYDEGGER 

M. W. Ports 

F. J. SHEPARD, JR. 


Metals Engineering 


Organized, 1927, as Iron and Steel Division. 
Reorganized, 1940. 


R. D. Brizzo_ara, Chairman 


EXECUTIVE COMMITTEE 


R. D. Brizzocara, Chairman 
J. F. Youna, Secretary 

E. O. Dixon 

J. J. KANTER 

J. M. LESSELLS 

R. G. Sturm 


ADVISORY COMMITTEE 


W. TRINKS 
T. H. WicKENDEN 


J. H. Hirencock 
J. H. ROMANN 
M. D. STone 


GENERAL COMMITTEE 


L.. F. Corrin R. A. Nortu 
SABIN CROCKER 8S. Patcn 
D.S. G. A. Pugu 
F. P. Huston W. M. SHEEHAN 


T. R. WEBER 
A. FE. WHITE 
A. W. WINSTON 


R. E. KENNEDY 
NORMAN MOcHEL 
S. D. Moxiey 

P. M. MUELLER 


Oil and Gas Power 
Organized, 1921 


Kk. J. Kates, Chairman 


EXECUTIVE COMMITTEE 


J. KATES, Chairman 
a N. ROWLEY, Secretary 
F. Forti, Associate Secretary 
E. Beck 

+. C. BOYER 

T. SAWYER 

SCH NEITTER 


Associates 


F. G. HECHLER 

P. B. JACKSON 

W. F. Joacuim 

H. C. LENFEST 

B. V. Norppera 
M. J. Reep 

R. B. Rice 

T. M. Ropre 

J. A. WoRTHINGTON 


HANS BoHUSLAV 
HL. G. Bryan 

G. J. DASHEFSKY 
H. E. Dreier 

Kk. S. DENNISON 
W.L. H. 
M. A. 
C. F. Forti 

C. W. Goon 


Research Secretary 
LEE SCHNEITTER 


Liaison Representatives 
Aviation Liaison Group, R. T. SawyEr 
Diesel Engine Manufacturers Association 
R. B. Rice 
Heat Transfer Division, F. G. HECHLER 
Railroad Division, R. T. SAwYER 
Society of Naval Architects and Marin 
Engineers, B. V. E. NorDBERG 


( 
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HONORS AND AWARDS 


LEE ScHNEITTER, Chairman 
C. W. Goop 


OIL ENGINE POWER COST 


H. C. Masor, Chairman 
H. C. Lenrest, Secretary 
Il. G. BRYAN 

HALE CoppING 
MALcoLM DUNCAN 
JouNn KARLE 

R. G. Evy 

GALLAWAY 

Kk. J. KATES 

A. B. MorGan 

M. J. REED 

T. M. Rosie 

kh. T. SAWYER 

LEE SCHNEITTER 

P. H. SCHWEITZER 
J.B. Sims 

R. H. STier 

A. TRIMMER 


OIL AND GAS POWER CONFERENCES 
1947% Meeting Location Selection Committee 
J. Kates, Chairman 


L. N. 
Lee SCHNEITTER 


MEETINGS AND PAPERS 


R. Sawyer, Chairman 
HANS 

G. C. BoYver 

Ropert CRAMER 

P. B. JACKSON 


PUBLICITY 
C.F 


Chairman 


Power Division 
Organized, 1920 


J. A. Keeru, Chairman 


EXECUTIVE COMMITTEE 


J. A. Keeru, Chairman 
G. B. WARREN, Secretary 
F. M. Gipson 

H. D. HARKINS 

T. B. STILLMAN 

J.T. YeELLorr 


Process Industries 
Organized, 1934 


KAYAN, Chairman 


EXECUTIVE COMMITTEE 


C.F. Kayan, Chairman 
T. R. Quive, Seeretary 
J. DEVLIN 

J. W. HUNTER 
WILLIAM RaAIscH 
ARNOLD WEISSELBERG 


Research Secretary 
ARNOLD WEISSELBERG 
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Liaison Representatives 


Heat Transfer Division, E. J. DEVLIN 

Professional Divisions Standing Committee, 
T. R. OLIvE 

San Francisco Section, 
TON 


HERMAN DISHING- 


COMMITTEE CHAIRMEN 


Agriculture, L. E. Porrer 

Air Conditioning and Refrigeration, C. F. 
KAYAN 

Distillation and Evaporation, D. F. 
MER 

Drying, ARNOLD WEISSELBERG 

Fluids Handling, C. H. CARMAN, JR. 

Manutactured and Natural Gas, E. J. Drev- 
LIN 

Mechanical Separation, RicHarp O'MARA 

Paper Awards and Honors, Vicror WIcHUM 

Petroleum, WILLIAM RaIscH 

Program, J. W. HUNTER 

Sanitation, WILLIAM Ratscu 

Sugar, F. M. Gipson 

Sulphur, B. FE. Suorr 

Vegetable Oils, R. W. Morron 


OTH- 


Production Engineering 


Organized, 1921, as Machine Shop Practice 


Division. Reorganized, 1941. 


J. ALDEN, Chairman 


EXECUTIVE COMMITTEE 


J. L. ALDEN, Chairman 
C. L. Turt, Jr., Secretary 
F. O. HOAGLAND 

H. B. Lewis 

A. F. Murray 


Advisory Committee 


ERIK OBERG 
WARNER SEELY 


Sou ISINSTEIN 
W. Ernst 


GENERAL COMMITTEE 


Frep Lucur 

M. FE. MARTELLOTT! 
L. S. Martz 

W. H. OLDACRE 

A. A, SCHWARTZ 


J. B. ARMITAGE 
F. H. 

B. P. GRAVES 

W. H. 
J. E. LOvELY 


Railroad 
Organized, 1920 


K. F. Nystrom, Chairman 


EXECUTIVE COMMITTEE(RR1) 


Kk. F. Nystrom, Chairman 
k. L. Woopwarp, Secretary 
B.S. Carn (1949) 

P. W. Kirerer (1948) 

J. M. NicHoison (1950) 
W. C. Sanpvers (1947) 
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GENERAL COMMITTEE (RR2) 


K. F. Nystrom, Chairman 
R. Batriey (1948) 

W. H. Basett (1948) 

H. Beck (1949) 

K. A. BROWNE (1947) 

W. 1. CANTLEY (1950) 

kK. D. CAMPBELL (1947) 

J. E. DAVENPORT (1946) 


M. DarpEN (1947) 


Ik. P. GANGEWERE (1949) 
P. Huston (1950) 

R. P. Jounson (1950) 
S. Pearce (1948) 

E. Ponp (1949) 


~ 
>| 


A. A. RayMonp (1946) 
H. H. Urpacn (1946) 


ADVISORY COMMITTEE (RR3 ) 


Past-Chairmen 


Liverz 
. 
J. R. Jackson 


J.G. ADAIR 
W. M. SHeenan 


Research Secretary 


KENNETH CARTWRIGHT 


Liaison Representatives 


Admissions Standing Committee, F. E. Ly- 
FORD 

Heat Transfer Division, Co-ordination Com- 
mittee, L. H. Fry 

Professional Divisions Standing Committee, 
B. S. Carn 

Co-ordination With Oil and Gas Power Di- 
vision, R. T. SAwYER 

Contact With American Association of Rail- 
roads, C. T. RipLey, Chairman, D. 8. 
W. M. SHEEHAN 

San Francisco Section, M. P. Taytor 


Rubber and Plastics Division 


Organized, 1937, as Committee on Rubber 
and Plastics of Process Industries Division 
and made a Subdivision in 1940. Reorgan- 
ized as a Group in 1942, and as a Division 
in 19428. 


J. H. Bootu, Chairman 


EXECUTIVE COMMITTEE 


J. H. Boorn, Chairman 

H. M. Ricuarpson, Secretary 

J. F. Smitn. Senior Member 
D. H. Cornet 

F. W. WARNER 


ADVISORY COMMITTEE 


JoHN DELMONTE 
G. M. 
Ek. F. Rrestne 


R. G. SEAMAN 
I. L. 


GENERAL COMMITTEE 


CoLIn CARMICHAEL 
N. CUNNINGHAM 
F. HousEHOLDER 
W. NEWLIN KEEN 
J. W. LiskKa 

G. W. NEELY 


SMITH 
A.V. TABOLSKY 
J. H. TEEPLE 
C. L. Tort, Jr. 
F. W. WARNER 
F. J. WEHMER 
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Textile 
Organized, 1921 


C. D. Brown, Chairman 


EXECUTIVE COMMITTEE 


C. D. Brown, Chairman 

A. B. Stup.ey, Northern Vice-Chairman 

To be appointed, Southern Vice-Chairman 
W. A. Smiru, JR., Secretary 

S. B. EarLe, Southern Representative 

J. W. Cox, Inter-Society Representative 


Associates 


J. O. Linpsay 
J. J. McELrRoy 
C. S. Parsons 
J. W. VAUGHAN, JR. 


F. L. BRapLey 

L. D. Coss 

M. A. GOLrRIcK, JR. 
W. O. JELLEME 
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ACTIVITIES COMMITTEE 


A. B. Srupiey, Co-Chairman 
To be appointed, Co-Chairman 
R. D. BRouwWER 

O. W. CLARK 

M. H. Irons 

W. O. JELLEME 

W. R. Kent 

N. M. 

J. D. ROBERTSON 

H. SEARLES 

A. N. SHELDON 

R. G. SHEPHERD 

W. W. STArRKE 


ADVISORY COMMITTEE 


A. D. 
A. L. Brown 


ALBERT PALMER 
BRACKETT PARSONS 
W. D. J. D. RoBertTson 

M. E. Hearp A. N. SHELDON 

W. B. HEINZ WApDSWoRTH STONE 
R. J. McConNeELL R. W. Vose 


Wood Industries 
Organized, 1921 


A. C. FrGEL, Chairman 


EXECUTIVE COMMITTEE 


A. C. Chairman 

To be appointed, Secretary 
F. J. HANRAHAN 

C. B. LUNDSTROM 

E. D. May 


ADVISORY COMMITTEE 


D. R. Gray C. B. Norris 
M. J. MAcDoNaLp T. D. Perry 
R. H. McCartuy 


GENERAL COMMITTEE 


R. R. Smitu 

H. M. Surron 
F. F. WANGAARD 
W. B. WILKINS 


C. L. Bascock 

P. H. 
A. W. DUNBAR 
G. E. Frencu 
J.S. MArHewson 


COMMITTEE CHAIRMEN 


Dimensional Limits and Allowances, A. C 
FEGEL 

Forest Protection, H. 8S. Jones 

Wood Finishing, M. J. MACDONALD 
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ArticLe B6A, Par. 17: The Standing Committee on Sections shall, under the direction of 
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SECTIONS 


the Council, have supervision of the Sections of the Society. 


A. R. MumrForp 
D. Mox.ey 


STANDING COMMITTEE ON SECTIONS 


OuiverR B. LYMAN, Chairman 


Junior Adviser 
J. W. StMonson 


REGIONAL VICE-PRESIDENTS 


REGION REGION 
I A.C. Cuick 
II R. F. Gace II 
A. R. Stevenson, Jr. 
IV E. E. IV 
VS. R. Berr_er V 
VI T.S. McEwan VI2 
VII J. Catvin Brown 


LINN HELANDER 


( W. 
| O. E. E. ZAHN 
VII M.B. Hocan 
Vill 


L. E. Jermy 
J. A. KEETH 


REGIONAL SECRETARIES 


W. P. SAUNIER 
HERMAN WEISBERG 
J.C. Reep 

8S. THEIss 

A. C. 


} Co-Secretaries 


R. P. HAHN 


OFFICERS CHOSEN BY 1945 GROUP DELEGATES AT CHICAGO, JUNE, 1945 


AKRON-CANTON 


Organized: 1920 

Territory: Counties of Richland, Ashland, 
Medina, Summit, Portage, Wayne, 
Stark, Holmes, Tuscarawas, Carroll, 


and Coshocton in Ohio 
Place of Meeting: As selected monthly 
Numbers of Members: 203 


Executive CoMMITTEF 
W. Hursu, Chairman 
M. C. Prerce, Vice-Chairman 
D. George, Secretary-Treasurer 
FE. W. ALLarRpT 
C. R. BeckwitH 
M. R. BoweERMAN 
D. H. CorNELL 
Z. N. Harris 
B. MANSFIELD 
H. S. McCoor 
C. MCMULLEN 
i. G. MINNS 
i. 1. Surron 
J. H. VANCE 
A. G. WALKER 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; reor- 
ganized, 1928, as Anthracite-Lehigh 
Valley 

Territory: Counties of Bradford, Susque- 


hanna, Wayne, Sullivan, Wyoming, 
Lackawanna, Columbia, Luzerne, Mon- 
roe, Pike, Schuylkill, Carbon, Berks, 
Lehigh, Northampton in Pennsylvania, 
and Warren in New Jersey 

Place of Meeting: One meeting annually at 
Allentown, Bethlehem, Easton, Hazle- 
ton, Pottsville, Reading, Scranton, and 
Wilkes-Barre 

Local Organization: 
of Lehigh Valley 

Number of Members: 215 


The Engineers’ Club 


E. S. Tuetss, Speaker 
J. C. Reep, Vice-Speaker 
R. P. Hann, Secretary 
A.C. Pastni, Chairman of Agenda 


EXECUTIVE COM MITTEE 


C. H. FotmMsser, Chairman 
J. A. Gisn, JR. 

J. A. Lioyp 
WALTER TALLGREN 
J. W. Buss, Secretary-Treasurer 
W. E. ANDERSON 

C. W. BELL 

K. W. Bioom 

E. A. GorNEY 

L. D. GRABOSKI 

S. I. HAMMOND 

T. E. Jackson 

T. Y. MULLEN 

L. E. MYLTING 

R. L. RANSOM 

C. T. REILLY 

D. D. 

H. C. SCHWEIKART 


Vice-Chairmen 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from At- 
lanta, Ga. 

Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 
p.m. at Atlanta Athletic Club 

Number of Members: 119 


EXECUTIVE COMMITTEE 


J. A. Dopp, Chairman 

C. L. Huey, Vice-Chairman 
t. L. ALLEN, Secretary-Treasurer 
A. C. Keiser, JR. 

R. S. Kine 

EARLE MAULDIN 

M. J. McWHORTER 

J. W. PARKER, JR. 

B. D. 

T. E. Smirn 

V. F. WATERS 


BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Bal- 
timore, Md. 

Place of Meeting: Engineers Club of Bal- 
timore 

Number of Members: 310 


EXECUTIVE COMMITTEE 


J. H. Porrer, Chairman 

H. W. Woopwarp, Vice-Chairman 
L. E. Carter, Secretary-Treasurer 
C. DANNETTEL 

J. D. ELDER 

R. J. GREEN 

E. H. HANHART 

H. H. 

S. F. Ropertson 


BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Bir- 
mingham, Ala. 

Place of Meeting: Tutwiler Hotel 

Number of Members: 103 


EXECUTIVE COMMITTEE 


D. H. Guippere, Chairman 

J. B. Emory, Vice-Chairman 

C. M. Secretary-Treasurer 
J. E. HANNUM 

H. G. Movat 


BOSTON 


Organized: 1909 

Territory: Radius of thirty miles from Bos- 
ton, Mass. 

Place of Meeting: Mass. Inst. of Technology 


(Continued) 
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BOSTON 
(Continued ) 


Local Organization: Engineering Societies 
of New England 


Number of Members: 790 


EXECUTIVE COM MITTEE 


W. P. Saunier, Chairman 

D. SraurrFer, Vice-Chairman 

A. J. Ferretti, Secretary-Treasurer 
K. BANCROFT 

ALTON KIRKPATRICK 

C. W. MacGrecor 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecti- 
cut Section; reorganized as a Section, 
1923 

Territory: Fairfield County, Conn. 


Place of Meeting: Stratfield Hotel 

Local Organizations: The Bridgeport Tool 
Engineers Association; The Bridgeport 
Engineers Club 

Number of Members: 203 


EXECUTIVE COMMITTEE 


W. E. Hogan, Chairman 

J. F. BANTHIN, Vice-Chairman 
J. P. HEUMANN, Treasurer 

W. H. Snirren, Secretary 

H. E. ADAMS 

Beck 

J. L. Corcoran 


F. G. D’Arcy 
J. K. Hamin 
P. A. 
J. H. Powers 
BUFFALO 
Organized: 1915 
Territory: Radius of thirty miles from 


Buffalo, N.Y. 
Place of Meeting: 

Main St. 
Local Organization: 

Buffalo 
Number of Members: 223 


Markeen Hotel, 1391 


Engineering Society of 


EXECUTIVE COMMITTEE 


A. W. Ecxstrom, Chairman 

C. GALE Kipiincer, Vice-Chairman 
N.S. Snyper, Secretary 

C. FE. Harrincton, Treasurer 

C. A. Ross 

J. L. YATES 


CENTRAL ILLINOIS 


Organized: 1937 

Territory: All the territory in Central 
Illinois between the following counties 
on the northern boundary: Bureau, 
LaSalle, Knox, Stark, Putnam, Mar- 
shall, Livingston, Peoria; counties on 
the southern boundary: Pike, Scott, 
Morgan, Sangamon, Macon, Piatt, 
Douglas, and Edgar 

Place of Meeting: Hotel Pere Marquette or 
Caterpillar Show Room 

Number of Members: 116 


EXECUTIVE COMMITTEE 


R. 8. Starnton, Chairman 

W. F. Bices 

C. W. Ham Vice-Chairmen 
R. E. McCiain 

B. R. Secretary-Treasurer 
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CENTRAL INDIANA 


Organized: 1916 

Territory: Radius of eighty miles from In- 
dianapolis, within Indiana 

Place of Meeting: Indianapolis Athletic 


Club 
Local Organization: Indiana Engineering 
Society 


Number of Members: 191 


EXECUTIVE COMMITTEE 


FERDINAND JEHLE, Chairman 

H. L. Soipere, Vice-Chairman 

G. H. Gosir, Secretary-Treasurer 
M. E. BecutToip 

H. A. Bouz 

J. K. LoMAN 

CarL WISCHMEYER 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty 
miles from State College, Pa. 

Place of Meeting: State College and Al- 
toona, Pa. 

Number of Members: 76 


EXECUTIVE COMMITTEE 


J.C. Reep, Chairman 

R. Y. Stawortn, Vice-Chairman 

E. E. AmpBrostus, Acting Secretary-Trea- 
surer 

J. 8. 

i. L. HULSIzer 

L. B. Jones 


CHICAGO 
Organized: 1913 
Territory: Radius of fifty miles from Chi- 
eago, Ill. 
Headquarters: Mid-West A.S.M.E. Office, 


Room 1920, 205 West Wacker Drive, 
Chicago 6, Il. 

Place of Meeting: Civic Opera Bldg., 20 
North Wacker Drive 

Meetings: Tuesday, 7:30 p.m. 


Local Organization: Western Society of 
Engineers 
Number of Members: 1,073 


EXECUTIVE COMMITTEE 
J.C. MARSHALL, Chairman 
Lr. Cot. H. M. Brack 
B. H. JENNINGS 
A. H. JENs 
L. M. JoHNSON 
R. M. Krause 
H. L. NAcHMAN, Secretary-Treasurer 
C. C. AUSTIN 
2. H. Bacon 
R. C. Cloven 
. D. CorrERMAN 
O. DOHRENWEND 
M. ELLIsoN 
. S. HARTENBERG 
H. LANE 
P. Macos 
S. McEwan 
. R. MICHEL 
H. OLDACRE 


Vice-Chairmen 


= 


R. M. OsTERMANN 
C. W. Parsons 

D. I. PAYNE 

J. D. PIERCE 


JUNIOR CHAIRMEN 


R. C. Clover 
J.D. Prercr 


CINCINNATI 

Organized: 1912 

Territory: Radius of thirty miles from Cin- 
cinnati, Ohio 

Place of Meeting: Herman Schneider Foun- 
dation (Engineering Society Building) 

Local Organization: Engineers’ Club of Cin- 
cinnati 

Number of Members: 222 


EXECUTIVE COMMITTEK 


M. E. Chairman 
R. J. Suort, Vice-Chairman 
H. B. Secretary 

A. T. BLACKBURN 

W. 8S. Boynton 

Hans Ernst 

H. W. GupMENS 

H. L. Haworrn 

J. H. HermBprock 

H. S. MALAny 

C. A, MitcHELL 

E. W. VINNEDGE 

J. M. WALTER 

+. K. WANAMAKER 

B. J. YEAGER 


CLEVELAND 


Organized: 1918 

Territory: Counties of Lorain, Cuyahoga, 
Lake, Geauga, and Ashtabula in Ohio 

Place of Meeting: Cleveland Engineering 
Society Club 

Local Organization: Cleveland Engineering 
Society 

Number of Members: 383 


EXECUTIVE COMMITTEE 


H. 8S. Cotsy, Chairman 

FE. B. CRANKSHAW, Vice-Chairman 

R. McCarrny, Secretary-Treasurer 
J. W. AVERY 

CoLIN CARMICHAEL 

R. C. Sessions 

H. L. Spence 

W. G. STEPHAN 

F. H. Vose 


COLORADO 


Organized: 1919 

Territory: Entire State of Colorado 

Place of Meeting: Albany Hotel, Denver, 
Colo. 

Local Organization: 
Council 
neers) 

Number of Members: 97 


Colorado Engineering 
(Colorado Society of Engi- 


EXECUTIVE COMMITTEE 
D. R. CoLiins, Chairman 
J. F. RANsomM, Vice-Chairman 
A. A. Woopwakrp, Secretary-Treasurer 
H. L. HArreNBURG 
J. Y. PARCE 
W. M. RIcHTMANN 
G. H. Worsiine 


COLUMBUS 


Organized: 1920 

Territory: Counties of Union, Delaware, 
Licking, Madisony Franklin, Fayette, 
Pickaway, and Ross in Ohio 
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Place of Meeting: Battelle Memorial Insti- 
tute and The Ohio State University 
Number of Members: 108 
EXECUTIVE COMMITTEE 
R. B. ENGDAHL, Chairman 
A. P. Jonnson, Vice-Chairman 
W. H. Browne, Secretary-Treasurer 
W. L. Davis 
T. H. Kerr 
J. LINDAHL 
L. R. TANSLEY 
S. H. Yost 


DAYTON 


Organized: 1926 
Territory: Counties of Drake, Miami, 
Champaign, Preble, Montgomery, 


Greene, and northern part of Butler 
and Warren in Ohio 
Place of Meeting: Engineers’ Club of Day- 


ton 

Local Organization: Engineers’ Club of 
Dayton 

Number of Members: 182 


EXECUTIVE COM MITTEE 
CoLtins Chairman 
Burson TREADWELL, Vice-Chairman 
R. G. Out, Secretary 
A. W. KIMMEL, Treasurer 
B. F. DowNnry 
M. J. Forty 
F. B. Norrurue 
A. L. PASCHALL 
F. W. STEIN 


DETROIT 

Organized: 1916 

Territory: Radius of thirty miles from De- 
troit, Mich. 

Place of Meeting: Horace H. Rackham 
Educational Memorial, 100 Farnsworth 
Avenue, Detroit, Mich. 

Local Organization: Engineering Society of 
Detroit 

Number of Members: 565 


Executive CoM MITTEE 
A. C. Pastn1, Chairman 
R. K. Wenpy, Seeretary-Treasurer 
J. W. BRENNAN 
W. 
ELEY 
. GANDELOT 
F. 'T. HARRINGTON 
J. W. MacKenzir 
R. C. Porter 
O. A. SODERBERG 
R. H. STELLWAGEN 
J. J. UICKER 


JuN1oR Group 


D. EF. JAHNCKE, Chairman 
H. D. Cuicoinr 
V. E. ScHarrer 
R. W. WAYMAN 


EAST TENNESSEE 


Organized: 1922 

Territory: All counties in Tennessee east of 
the west boundary of Scott, Morgan, 
Cumberland, White, Warren, Coffee, 
Moore, Franklin; Belle County in Ken- 
tucky; and Rossville, Dade, Walker, 
Cattasa, Whitfield, Murray, Gordon, 
Chattooga in Georgia 


AS.M.E. SOCIETY RECORDS, PART 1 


Place of Meeting: Places varies 


Local Organization: Chattanooga Engi- 
neers Club and Knoxville Technical 
Club 


Luncheon Meeting every Monday noon at 
Chattanooga Engineers Club 
Number of Members: 168 


EXECUTIVE COM MITTE! 


L. G. HALLER, Chairman 

A. W. Harris, Vice-Chairman 

J. Mack Tucker, Seeretary-Treasurer 
J. L. FRANKUM 

> J. FREEMAN 

B. Kerns 

* A. SALMON 

J. L. TARWATER 

F. H. THomas 

J. R. THomas 


ERIE 


Organized: 1917 

Territory: Radius of 
Erie, Pa. 

Place of Meeting: Erie County Court House 

Number of Members: 92 


thirty miles from 


EXECUTIVE COMMITTEE 


A. J. Suow er, Chairman 

G. H. KAEMMERLING, Vice-Chairman 
J. M. Pasick, Secretary-Treasurer 
G. W. Bacu 

F. G. Brinie 

H. E. Gorrz 

C. I. RAINESALO 

M. S. Reep 

H. B. Joycr, Exr-O ficio 


FLORIDA 


Organized: 1925 

Territory: State of Florida 

Place of Meeting: Various cities in state 

Local Organization: Florida Engineering 
Society, Gainesville, Fla. 

Number of Members: 117 


EXECUTIVE COMMITTEE 
S. L. Stewart, II, Chairman 
Joun Hunter, 1st Vice-Chairman 
J. T. Leggett, 2nd Vice-Chairman 
G. FE. Remp, Secretary-Treasurer 
P. C. Capps 
Ropert MAJOR 
R. Y. Poon 


FORT WAYNE 


Organized: 1939 

Territory: Counties of LaGrange, Steuben, 
Noble, DeKalb, Whitley, Allen, Wa- 
bash, Huntington, Wells, Adams, 
Miami, Blackford and Jay in Indiana; 
Counties of Williams, Defiance, Pauld- 
ing, Van Wert and Mercer in Ohio 

Local Organization: Fort Wayne Engi- 
neers’ Society 

Number of Members: 36 


EXECUTIVE COMMITTEE 


F. C. Mason, Chairman 

I. A. PLancK, Vice-Chairman 
R. E. GALLATIN, Secretary 

C. F. Harrop, Treasurer 
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S. Buck 
K. K. Cooper 


GREEN MOUNTAIN 
1923 


Organized: 

Territory: Entire State of Vermont and 
neighboring and closely related com- 
munities of Claremont and Hanover, 
N.H. 

Place of Meeting: Springfield, Windsor, 
Vt., and Claremont, N.H. 

Local Organization: Vermont Engineering 
Society : 

Number of Members: 58 ae 


EXECUTIVE COMMITTEE 
C. H. Apams, Chairman 
F. T. Gear, Vice-Chairman 
F. A. Jounson, Secretary-Treasurer 
D. CLarK 
H. L. Daascn 
D. T. HAMILTON 
J. B. JOHNSON 


GREENVILLE 


Organized: As a Branch, 
tion, 1927 

Territory: Radius of 
Greenville, S.C. 

Place of Meeting: Meetings held at Green- 
ville, Clemson College, S.C., Canton, 
Asheville, and Enka, N.C. 

Number of Members: 62 


1923; as a Sec- 


sixty miles from 


EXECUTIVE COM MITTEE 


A. Pooser, Chairman 

E. M. Vice-Chairman 

J. W. VAUGHAN, JR., Secretary-Treasurer 
R. H. CHAPMAN 

S. B. EARLE 

P. B. Kriek 

G. R. MorGan 

R. S. Preitr 


HARTFORD 


Organized: 1917, as Branch of Conn. See- 
tion; reorganized, 1923; New Britain 
Section merged with Hartford Section, 
July 1, 1940 

Territory: Hartford County except that 
portion served by New Britain Section 

Jace of Meeting: Hartford Electric Light 
Company 


Number of Members: 203 


EXECUTIVE COMMITTEE 
T. F. Cassipy, Jr., Chairman 
R. Lewts, JR.) 
J.C. Watters f° 
A. ANDERSON 
J. S. APPLEYARD 
HERBERT BurDICK 
SipNeEY CORNELL 
WILLIAM FERGUSON 
E. P. Herrick 
F. O. HoAGLanp 
R. D. KELLER 
L. B. Le Bet 
W. S. PAINE 
K. E. 
H. F. RAaMM 
H. P. Smitru 
L. C. SmMiru 
C. C. STEVENS 
S. J. TELLER 
ALBERT VUILLEUMIER 
Miss M. WonNvus 


‘hairmen 
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INLAND EMPIRE 


Organized: 1921 

Territory: East of Columbia River in State 
of Washington, and Counties of Oka- 
nogan and Benton, and part of North- 
ern Idaho 

Place of Meeting: 
kane 

Luncheons: Wednesdays at 12:00 noon, 
Davenport Hotel, Spokane 

Local Organization: Associated Engineers 
of Spokane 

Number of Members: 39 


Davenport Hotel, Spo- 


EXECUTIVE COM MITTEE 


I. A. Suirk, Chairman 

D. R. Gray, Vice-Chairman 

N. W. Humpneey, Secretary-Treasurer 
F. W. CANDEE 

H. F. Gauss 

L. J. Pospisin 


ITHACA 


Organized: 1936 

Territory: Radius of thirty miles from 
Ithaca plus following cities: Bingham- 
ton, Corning, Endicott, Geneva, Painted 
Post 

Place of Meeting: Alternately in different 
cities of Section territory, as an- 
nounced 

Number of Members: 100 


EXECUTIVE COMMITTEE 


F. S. ErpMANn, Chairman 

C. W. Vain, Vice-Chairman 

H. C. Perxins, Secretary-Treasurer 
W. G. Batrp 

S. W. FarRMAN 

J. C. KENNEDY 

M. P. WHITNEY 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from 
Kansas City, Mo. 

Place of Meeting: University Club 


Local Organization: Engineers’ Club of 
Kansas City 
Number of Members: 170 
EXECUTIVE COMMITTEE 
R. P. Haun, Chairman 
CHESTER CoTTerR, Vice-Chairman 
C. C. Hott, Secretary 
WELDON Mooney, Treasurer 
H. B. ATHERTON 
B. B. BRAINARD 
E. 8. Gray 
H. E. MANUEL 
L. T. Mart 
N. L. MILLER 
LOUISVILLE 
Organized: 1922 
Territory: Radius of thirty miles from 
Louisville, Ky. (includes Lexington, 


Ky.) 
Place of Meeting: University of Louisville, 
Louisville, Ky. 
Local Organization: 
tects Club 
Number of Members: 75 


Engineers and Archi- 
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EXECUTIVE COMMITTEE 
O. C. Krause, Chairman 
FE. J. Dreyer, Vice-Chairman 
J. E. Guass, Secretary 
W. V. HAMBLETON, Treasurer 
J. H. Davis 
A. G. RosENBAUM 
F. P. SHaAnnon, Ev-O fficio 


MEMPHIS 


Organized: 1923 

Territory: Radius of sixty miles from 
Memphis, Tenn., and eastern half of 
Arkansas including all the territory 
east of a line drawn north and south 
through the western boundary of the 
City of Little Rock 

Number of Members: 33 


EXECUTIVE COMMITTEE 
C. K. Suarp, Chairman 
+. R. SCHNEIDER, Vice-Chairman 
J. H. Tote, Secretary-Treasurer 
E. H. 
R. M. 
W. H. Roperts 
J. J. THOMASON 


METROPOLITAN 


Organized: 1910 

Territory: Metropolitan 
York and New Jersey 

Place of Meeting: Engineering Societies 
Building, 29 West 39th Street, New 
York, N.Y., and Newark, N.J. 

Number of Members: 3,983 


District, New 


EXECUTIVE COMMITTEE 


R. W. Frynn, Chairman 
W.L. Betts, Secretary 

H. R. Kesster, TJ'reasurer 
A. D. BLAKE 

F. P. BRanpD 

E. V. Davin 

FE. D. Grimson 

J. H. SENGSTAKEN 

HERMAN WEISBERG 

ApDOLF EXBRECHT, ficio 


JUNIOR GROUP 


J. M. Sexton, Chairman 

E. S. Vice-Chairman 
J. W. Sraonson, Secretary 
J. P. Treasurer 


MID-CONTINENT 


Organized: 1919 

Territory: Entire State of Oklahoma; ter- 
ritory in Arkansas not included in 
Memphis Section; part of Louisiana; 
and territory in Texas north of the 
southern boundaries of the counties 
of Gaines, Dawson, Bordon, Scurry, 
Fisher, Jones, and Shackelford 

Place of Meeting: Usually Mayo Hotel, 
Tulsa, Okla. 

Luncheon Meetings with Engineers Club of 
Tulsa, Mondays at 12:00 noon 

Local Organization: Engineers Club of 
Tulsa 

Number of Members: 191 


EXECUTIVE COMMITTEE 


O. L. Lewis, Chairman 
J.T. CARMICHAEL’ 

F. J. DAASCH 

L. Woop JACKSON Vice-Chairmen 
GWYNNE RAYMOND 

VJ. WALKER 

W. F. Stewart, Secretary 

C. A. STEVENS, 7'reasurer 

D. O. BARRETT 

R. A. 

D. E. FIetps 

D. E. Foster 

C. O. GLASGOW 

J. D. JoNnEs 

F. D. RATCLIFFE 

W.S. SHERMAN 

H. G. THUESEN 


MILWAUKEE 


Organized: 1904 

Territory: Radius of fifty miles from Mil- 
waukee, Wis. 

Place of Meeting: Wisconsin Club 

Local Organization: Engineers’ Society of 
Milwaukee 

Luncheon Meetings once each month, 3rd 
Wednesday at Wisconsin Club 

Number of Members: 286 


EXecuTIvVE COM MITTEE 


T. A. WerzeL, Chairman 
H. L. Heywoop, Secretary 
M. E. Ruess, 7'reasurer 

S. J. Gates 

E. G. HuBer 

SEBASTIAN JUDD 

E. H. Laass 

G. V. MINNIBERGER 

J.T. RETTALIATA 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 
1913; the two Sections merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union, Univ. 
of Minnesota 

Local Organization: Minneapolis Engineers’ 
Club, Minnesota Federation of Archi- 
tectural and Engineering Societies 

Number of Members: 132 


EXECUTIVE COMMITTEE 
F. S. Howarp, Chairman 
F. M. Tuuney, Vice-Chairman 
A. O. Ler, Secretary-Treasurer 
W. H. ERskKINE 
D. M. Forrar 
L. C. SPRAGUE 
L. S. WHITSON 
M. S. WUNDERLICH 


NEBRASKA 


Organized: 1922 

Territory: State of Nebraska, and Council 
Bluffs, Iowa 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Clubs of 
Lincoln and Omaha 

Luncheon Meeting every Wednesday noon at 
the Omaha Engineers’ Club—4th Mon- 
day Evening at Lincoln 

Number of Members: 57 


| 
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Executive COMMITTEE 


J. W. Kurtz, Chairman 

J. K. Lupwickson, Vice-Chairman 

Cuas. A. N. Armstrone, Secretary-Trea- 
surer 

N. H. BARNARD 

A. A. LUEBS 

R. Pratt 


NEW HAVEN 


Organized: 1912; reorganized, 1923 

Territory: Portions of New Haven 
Middlesex Counties, Conn. 

Place of Meeting: Mason Laboratory, Yale 
University 

Number of Members: 101 


and 


EXECUTIVE COMMITTEE 


A. S. Repway, Chairman 

A. D. Witcox, Secretary-Treasurer 
FE. E. CASPELL 

H. D. Fisner 

I. T. Hoox 

C. A. Horst 

B. R. ONvUF 


NEW LONDON 


Organized: 1930, as the Norwich Section; 
name changed, 1943 

Territory: Counties of Tolland, Windham, 
and New London in Connecticut, and 
Westerly District in Rhode Island 

Place of Meeting: New London Junior Col- 
lege, Pequot Ave., New London, Conn. 

Number of Members: 43 


EXECUTIVE COMMITTEE 


K. P. Hanson, Chairman 

L. A. LACHMAN, Secretary-Treasurer 
W. E. BEANEY 

J. S. Leonarp 

FRANK PERUTZ 

E. R. STEPHAN 


NEW ORLEANS 


Organized: 1916 

Territory: All of Louisiana except the 
northern part allotted to Mid-Continent 
Section 

Place of Meeting: 
Hotel 

Local Organization: Louisiana Engineering 
Society 

Number of Members: 


Room 422, St. Charles 


162 


EXECUTIVE COMMITTEE 


A. M. Chairman 

A. Vice-Chairman 

M. C. AsprauM, Secretary-Treasurer 
F. B. BLACKSTONE 

L. DENNIS 

F. R. Menpow 

R. L. NALL 

M. Seago 


NORTH TEXAS 


Organized: 1922 

Territory: All of Texas north of an ap- 
proximately straight line through Del 
Rio, Fredericksburg, Georgetown, Cam- 
eron, Nacogdoches, and Center, includ- 
ing the cities mentioned, and south of 
north boundaries of the counties of 
Parmer, Castro, Swisher, Briscoe, 
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Hall, and Childress. Also the City of 
Texarkana, Ark. 

Place of Meeting: Dallas Power & Light 
Co. Bldg. Auditorium 


Local Organization: Technical Club of 
Dallas 
Number of Members: 158 


EXECUTIVE COMMITTEE 


. Wacker; Chairman 
O. A. St. CLAIR 

C. H. 

. Huoues, Jr., Secretary-Treasurer 
. Keyes 

. Kipp 

. PEARSON 

D. C. PFEIFFER 


ONTARIO 


Organized: 1917 

Territory: Province of Ontario, Canada 

Place of Meeting: Hart House, University 
of Toronto 

Number of Members: 241 


EXECUTIVE COMMITTEE 


> 


C. WIREN, Chairman 
W. R. Truster, Secretary-Treasurer 
C. E. BEYNON 

L. J. CLAYTON 

J. W. GALLOWAY 

J.S. 

S. J. Lippineton 
JAMES McKENZIE 

A. I. Scorr 

W. D. SHELDON 
FREDERICK TRUMAN 


H. H. Anous) 
S. G. Ez-Officio 


JUNIOR Group 


D. G. Huser, Chairman 

WILLIAM Bruce, Secretary-Treasurer 
G. J. JARRELL 

D. J. PARRISH 

E. J. W. SHEARE 


OREGON 
Organized: 1919 
Territory: State of Oregon and that terri- 


tory in Washington within a radius of 
thirty miles from Portland, Ore. 

Place of Meeting: Usually Public Service 
Bldg., Portland, Ore. 

Local Organization: Oregon Society of En- 
gineers 

Number of Members: 76 


EXECUTIVE COMMITTEE 


A. J. Cuavut, Chairman 
B. J. Dick, Vice-Chairman 
J. C. Ornus, Secretary 

G. E. Joost, Treasurer 

M. M. CLAYTON 

L. T. Hays 

K. W. KetcnuM 


PENINSULA 


Organized: 1923 

Territory: West of the east boundaries of 
the following counties: Emmet, Charle- 
voix, Antrim, Kalkaska, Missaukee, 
Clare, Isabell, Gratiot, Clinton, Eaton, 
Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 


RI-19 


Luncheon Meeting 
each month 
Local Organization: 

Grand Rapids oe 
Number of Members: 78 eae 


last Thursday noon 


Club of 


Engineers’ 


EXECUTIVE COMMITTEE 


M. Gorrie, Chairman 

C. McSoriey, 1st Vice-Chairman 
. E. Crowser, 2nd Vice-Chairman 
. J. KuENZEL, Secretary-Treasurer 
P. Buck 

R. pDEHAMMER 

. E. GEBBEN 

C. G. LOHMANN 

C. A. Hamitton, Ex-0O fiicio 


PHILADELPHIA 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, 
Chester, Philadelphia, Delaware, Pa., 
and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ 
Club, 1317 Spruce Street, Philadelphia, 
Pa. 

Local Organization: 
neers’ Club 
Luncheon Meeting every Thursday noon at 

12:30 p.m. at Philadelphia Engineers’ 
Club 
Number of Members: 


Philadelphia Engi- 


1,244 


EXECUTIVE COMMITTEE 


J. J. McCartnuy, Chairman 

S. T. MacKenzir, Vice-Chairman 
M. C. RANDALL, Secretary-Treasurer 
C. B. CAMPBELL 

J. P. CLarK 

B. F. Keene 

W. J. KiInpDERMAN 

STANLEY MOYER 

G. M. MuscHampe 

H. E. Scnocn, Jr. 

G. B. THom 

A. W. THorson 

B. W. WEBB 


JUNIOR GRouP 
H. E. Scnocn, Jr., Chairman 
FE. N. Ropertson, Vice-Chairman 
Frep Hirscn, Secretary-Treasurer 


PIEDMONT—NORTH CAROLINA 


Organized: As a Branch, 1923; as a Section, 
1927; name changed from Charlotte 
Section to Piedmont—North Carolina, 
July 1, 1940 

Territory: Radius of seventy-five miles 
from Charlotte, N.C. 

Luncheon Meeting every other Monday at 
1:00 p.m. at Efirds Department Store 
Dining Room 

Local Organization: 
Club 

Number of Members: 51 


Charlotte Engineers 


EXECUTIVE COMMITTEE 


. O. Sttts, Chairman 

. R. Jackson, Vice-Chairman 

. H. Brown, Secretary-Treasurer 
. H. Branot, Jr. 

H. Dovutuit 

T. Porrer 

E. STrne 

. W. WILSON 


ROSEY, 


PITTSBURGH 


Organized: 1920 

Territory: Counties bounded by and includ- 
ing Beaver, Butler, Venango, Forest, 
Jefferson, Indiana, Somerset, Fayette, 
Greene, and Washington, Pa. 

Place of Meeting: Engineers’ Society of 
Western Pennsylvania, William Penn 
Hotel 

Local Organization: Engineers’ Society of 
Western Pennsylvania 

Number of Members: 525 


EXECUTIVE COMMITTEE 


H. F. Hesiey, Chairman 
TOMLINSON Fort, Vice-Chairman 
T. O. Scurapver, JR., Secretary 
K. F. Trescnow, Treasurer 

DIGNAN 

EVANS 

J. F. MATTERN 

W. T. Rep 

G. W. 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included 
between Elizabeth, Bound Brook, 
Metuchen, and Watchung, N.J. 

Place of Meeting: Elizabeth Carteret Hotel, 
Elizabeth, and Plainfield Masonic Tem- 
ple, Plainfield 

Local Organization: Plainfield, Engineers 
Club, Singer Engineering Society 

Number of Members: 223 


EXECUTIVE COMMITTEE 


P. N. Treasurer 
W. L. BoswELL 

A. J. De MATTEO 

M. J. GRUBELICH 

H. F. SKARBEK 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty 
Providence, R.I. 

Place of Meeting: Providence Engineering 
Society Building, 195 Angell St., Provi- 
dence, R.I. 

Local Organization: 
ing Society 

Number of Members: 190 


miles from 


Providence Engineer- 


EXECUTIVE COMMITTEE 


E. W. Harrineton, Chairman 

F. C. TANNER, Vice-Chairman 

CHarLes Haccerty, Secretary-Treasurer 
J. B. CoLEMAN 

W. M. Davies, Jr. 

. M. Gorpon 

. P. GRAVES 

. A. JOHNSON 

. H. MacGILiivray 

. W. Kesey, Ex-Officio 


RALEIGH 


Organized: As a Branch, 1923; as a’ Sec- 
tion, 1927 
Territory: Radius 
Raleigh, N.C. 


of sixty miles from 
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Place of Meeting: North Carolina State 
College, Raleigh, N.C.; Duke Univer- 
sity, Durham, N.C. 

Local Organizations: North Carolina So- 
ciety of Engineers, Raleigh Engineers 
Club 

Number of Members: 40 


EXECUTIVE COM MITTEE 


S. Tuetss, Chairman 

EF. O. Vice-Chairman 

W. A. Hinton, Secretary-Treasurer 
G. W. Batty 

F. J. Reep 

B. Rice 

F. B. TURNER 

H. I. West 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty miles from 
Rochester, N.Y. 

Place of Meeting: Rochester Engineering 
Society Rooms, Sagamore Hotel 

Local Organization: Rochester Engineering 
Society, Sagamore Hotel 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Sagamore Hotel 

Number of Members: 148 


EXECUTIVE COM MITTEE 


W. A. Chairman 

A. E. ScHELL, Secretary-Treasurer 
M. L. BAxTeR 

R. 

A. 8S. HAMILTON 

C. Krause 

J. T. LINDSEY 

H. L. Mason 

C. B. McCaTHRON 

C. C. Ross 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Thirty miles east and west of 
Madison, Wis., and extending south- 
ward through Rockford, Il. . 

Place of Meeting: Madison, Wis., Beloit, 
Wis., and Rockford, III. 

Local Organization: Rock River 
Engineering Council 

Number of Members: 82 


Valley 


EXECUTIVE COMMITTEE 


L. DanLuND, Chairman 

L. A. WiLson, Vice-Chairman 

R. 8S. Smiru, Secretary-Treasurer 
W. C. FISCHER 

B. R. GRANBERG 

R. R. Smitru 

J. D. SWANNACK 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, 
Pulaski, St. Joseph, Marshall, Fulton, 
Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: South Bend, Ind. 

Number of Members: 70 


EXECUTIVE COMMITTEE 


C. Ropert Eory, Chairman 

+. R. McNet, Vice-Chairman 

R. C. Frren, Secretary-Treasurer 
O. K. Fay 


P. T. SPRAGUE 

L. FE. WApDINGTON 
C. C. Wiicox 

O. EF. ZAHN 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St. 
Louis, Mo. 

Place of Meeting: Place varies 

Local Organization: Engineers’ Club of St. 
Louis 


Number of Members: 235 


EXECUTIVE COM MITTEE 


HL. Buxton, Chairman 

J.C. PARMELY, Vice-Chairman 

G. R. Hua@nins, Secretary-Treasurer 
R. M. Boyes 

HERBERT KUENZEL 

R. P. SCHLATTER 

R. C. THuMSsER 


SAN FRANCISCO 


Organized: 1910 

Territory: All territory north of the north- 
ern boundaries of the counties of San 
Luis Obispo, Kern, and San Bernardino 

Place of Meeting: Engineers’ Club, 206 
Sansome St. 

Luncheon Meetings, Tuesdays, California 
Hotel, Oakland; Thursdays, Engineers’ 
Club, San Francisco 

Local Organization: San Francisco Engi- 
neers’ Club 

Number of Members: 792 


EXECUTIVE COMMITTEE 


H. FE. Prescorr, Chairman 

M. P. Vice-Chairman 

F. W. Secretary-Treasurer 
Masor W. A. 

W.S. Evererr 

G. GoTHBERG 

V. A. RUMBLE 

ALF HANSEN, E.r-0 ficio 


SAVANNAH 


Organized: 1923 

Territory: Radius of 125 miles from Savan- 
nah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of 
Savannah Chamber of Commerce 

Number of Members: 28 


EXECUTIVE COMMITTEE 


D. E. Kenor, Chairman 

T. H. Garpner, Vice-Chairman 
B. J. Sams, Secretary-Treasurer 
W. H. ArTLEY 

A. M. OrMOND 

L. C. 


SCHENECTADY 


Organized: As a Branch, 1919; as a Section, 
1927 

Territory: Radius of thirty miles from 
Schenectady, N.Y. 

Place of Meeting: Rice Hall 

Number of Members: 255 


RI-20 

J. D. Porrer, Chairman 

R. H. CHANKALIAN 

G. N. Secretary 


EXECUTIVE COMMITTEE 


A. O. Wuite, Chairman 

J. B. NoLan, 1st Vice-Chairman 
I. A. Terry, 2nd Vice-Chairman 
N. P. BAatLey, 8rd Vice-Chairman 
F. R. Fow ter, Secretary 
CHARLES ConcorDIA, 7'reasurer 
J. S. Apperson, III 

C. M. GARDINER 

C. J. WALKER 


SOUTHERN CALIFORNIA 


Organized: 1915 as Los Angeles Section; 
reorganized, 1941 

Territory: South of southern boundaries of 
following counties: Monterey, Kings, 
Tulares, and Inyo, Calif. 

Place of Meeting: Barker Bros. Store 

Local Organization: Technical Societies of 
Los Angeles 

Luncheon Meetings Thursdays at 12:00 noon 
at Engineers’ Club 

Number of Members: 734 


EXECUTIVE COMMITTEE 


. RosHone, Chairman 

. EARHART, Vice-Chairman 

A. PETERSON, Necretary-Treasurer 
. BERGMAN 

. W. DAILEY 

HorNE 

kh. F. 

V. L. Peicxi 

A. R. WEIGEL 


JUNIOR Group 


C. M. SANDLAND, Chairman 
J. 1. Brewster, Secretary 
D. A. R. Jones, Member at Large 


SOUTH TEXAS 


Organized: 1919 

Territory: South Texas and the northern 
part of the State not included in the 
North Texas Section territory 

Place of Meeting: No fixed meeting place. 
but all meetings held in: Houston 

Number of Members: 197 


EXECUTIVE COM MITTEF 


C. J. Eckuarpt, Jr., Chairman 
J.G. H. Tuompson, Vice-Chairman 
J. B. T. Downs, Secretary-Treasurer 
D. D. ALTON 

M. L. BeGemMan 

P. DARLING 

V. M. Farres 

W. FarQuHAR 

H. G. 

Comor. M. I. Kearns 

R. H. Knipprne 

G. W. LowTHerR 

H. F. 

A. B. STEEN, JR. 


SUSQUEHANNA 

Organized: 1927 

Territory: Counties of Cumberland, Dau- 
phine, Lebanon, Adams, York, and Lan- 
caster 

Place of Meeting: Engineering Society of 
York, and at Lancaster twice a year 

Local Organization: Engineering Society 
of York and Engineers’ Society of Penn- 
sylvania, Harrisburg, Pa. 

Number of Members: 99 
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EXECUTIVE COMMITTEE 


k. L. Rogers, Chairman 

C. H. NEIMAN, JR., Vice-Chairman 
J. A. GALAzz1, Secretary-Treasurer 
E. W. GALLENKAMP 

G. DuGAN JOHNSON 

L. S. Morse, Sr. 

E. M. Power. 

FE. O. Reeser. ITI 

G. 1. 


SYRACUSE 


Organized: 1920 
Territory: Radius of thirty 
Syracuse, N.Y. 
Place of Meeting: 
daga Hotel 
Local Organization: 
of Syracuse 
Number of Members: 


miles from 


Ball Room of the Onon- 
The Technology Club 
105 


EXECUTIVE COMMITTEE 
G. I. Vincent, Chairman 
J. A. Kine, Vice-Chairman 
L. Epwarp Porter, Secretary-Treasurer 
H. T. 
H. W. Jerrcock 
W. E. JonHnson 
M. B. Moyer 
D. V. SHETLAND 
H. P. 
M. F. WILLIAMS 


TOLEDO 


Organized: 1920 
Territory: Radius of 
Toledo, Ohio 
Place of Meeting: 
ledo, Ohio 
Local Organization: 
Societies of Toledo 
Number of Members: 66 


thirty miles from 


University Club, To- 


Affiliated Technical 


EXECUTIVE COMMITTEE 
PAUL GRAVELLE, Chairman 
W. A. NELDEN, Vice-Chairman 
*R. H. Huntineton, Secretary-Treasurer 
Hl. A. BENNETT 
JoHN GILLETT 
F. E. GRAVES 
C. GREINER 
WILLIAM McCanpLess 
F. J. MEYER 
L. S. PLatou 
O. C. ScHULTZ 
ARTHUR VOTSBERGER 


TRI-CITIES 


Organized: 1920 

Territory: Radius of thirty 
Moline, Il. 

Place of Meeting: Rock Island, IIl., Moline, 
Ill., and Davenport, Iowa 

Luncheon Meeting every Wednesday, Dav- 
enport Hotel, 12:00 noon 

Number of Members: 86 


miles from 


EXECUTIVE COMMITTEE 


C, A. CARLSON, Chairman 

C. C. ANDERSON, Vice-Chairman 
%. A. Cross, Secretary-Treasurer 
H. O. Crorr 

J. M. HARTMAN 

KX. R. Hopers 


* Resigned Oct. 13, 1945. 


UTAH 


Organized: 1923 

Territory: State of Utah 

Place of Meeting: University Club, Salt 
Lake City 

Local Organization: Utah Society of Pro- 
fessional Engineers 

Number of Members: 39 


EXECUTIVE COMMITTEE 
M. B. Hocan, Chairman 
D. A. Evrxins, Vice-Chairman 
R. E. KunKet, Secretary-Treasurer 
W. J. Core 
H. L. ZeTreERMAN 


VIRGINIA 


Organized: 1919 

Territory: State of Virginia 

Place of Meeting: Richmond, Norfolk, 
Blacksburg, Charlottesville, Roanoke. 


University, Petersburg 
Local Organization: Central Virginia En- 
gineers Club of Hampton Roads 
Number of Members: 231 


EXECUTIVE COM MITTEE 


ARTHUR RoBerts, JR., Chairman 
H. R. Hopkins Vice-Chai 

F. Q. SAUNDERS 
J. B. Jones, Secretary 

W. J. BARBER, Treasurer 

A. L. 

D. W. BENNETT 

D. H. GRENOBLE 

A. B. Herrrick 

M. L. IRELAND, JR. 

A. F. Macconocnie 

F. Q. SAUNDERS 


WASHINGTON, D.C. 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac 
Electric Power Co., 10th & E Sts., 
Washington, D.C. 

Number of Members: 530 


EXECUTIVE COMMITTEE 
RUDOLPH MICHEL, Chairman 


3. C. CRUICKSHANKS, Vice-Chairman 
E. Berpericn, Secretary-Treasurer 
L. R. Burpick 

R. S. 

Morton GERLA 

J. HANRAHAN 

H. P. Harwoop 

I’. Everetrr REep, Jr. 

M. A. Mason, Ex-O fiicio 


WATERBURY 


Organized: 1917, as a Branch; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion 
of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 75 


EXECUTIVE COMMITTEE 


J. H. Raus, Chairman 

T. M. Rranwarp, Sr., Vice-Chairman 
W. Soperserc, Secretary-Treasurer 
H. C. ASHLEY 


(Continued ) 
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RI-22 


WATERBURY 
(Continued) 


A. W. MINER 
P. E. Pererson 
W. Simpson 
S. Srorrs 

C. M. WARNER 


WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, 
Franklin, Hampden, and Hampshire 

Place of Meeting: Highland Hotel, Spring- 
field, Mass. 

Local Organization: Engineering Society of 
Western Massachusetts 

Number of Members: 94 


EXECUTIVE COMMITTEE 
J. R. CONNELLY, Chairman 
Siwney Low, Vice-Chairman 
D. A. Bartiett, Secretary-Treasurer 
KRESSER 
W.S. Mans 


WESTERN WASHINGTON 


Organized: 1919 
Territory: State of Washington west of 


Columbia River with exception of terri- 
tory included in 30-mile radius of Port- 
land, Ore. 
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Place of Meeting: Engineers’ Club, Seattle, 
Wash. 

Local Organization: 
Club 

Luncheon Meetings daily at noon at Engi- 
neers’ Club, Seattle 

Number of Members: 224 


Seattle Engineers’ 


Executive COMMITTEE 


F. B. Ler, Chairman 

O. F. LAMson, Vice-Chairman 

R. W. Crain, Secretary-Treasurer 
2. L. DYER 

R. L. Rock 

F. R. Youna 


WEST VIRGINIA 


Organized: 1925 

Territory: State of West Virginia, South 
of Parallel 39 

Place of Meeting: Charleston, W.Va. 

Number of Members: 71 


EXECUTIVE COMMITTEE 


J. L. BARKER, JR., Chairman 

C. B. CocHRAN, Vice-Chairman 

DonaLp THOMPSON, Secretary-Treasurer 
J.C. Bonn, Assistant Secretary 

W. B. JR. 

M. C. Brooke 

Q. C. LANG 

G. D. MAcMILLAN 

L. B. McQuaIvE 

R. D. WEBB 


WORCESTER 

Organized: 1915 

Territory: Radius of thirty 
Worcester, Mass. 

Place of Meeting: Sanford Riley Hall, 
Worcester Poly. Inst. 

Local Organization: Worcester Engineer- 
ing Society 

Number of Members: 131 


miles from 


EXECUTIVE COMMITTEE 
H. Smirn, Chairman 
F. E. BatLey, Vice-Chairman 
C. C. Tucker, Secretary-Treasurer 
W. MIERKE 
H. F. Rirrersuscu 
R. L. Rougemont 
H. 
RK. H. Woop 
YOUNGSTOWN 
Organized: 1928 
Territory: Counties of Trumbull, Mahon- 
ing, and Columbiana in Ohio, and 
Mercer and Lawrence in Pennsylvania 
Place of Meeting: Republic Rubber Co 
Club Rooms, Albert St., Youngstown, 
Ohio 
Number of Members: 48 


EXECUTIVE COM MITTEE 
H. W. Smiru, Chairman 
I’. J. Bowers, Secretary-Treasurer 
C. Leaguer 
W. J. LONGACHER 
H. E. Metin 
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STUDENT BRANCHES 


ArTICLE B6A, Par. 20: The Standing Committee on Relations With Colleges shall, under 
the direction of the Council, have supervision of the Student Branches of the Society and of 
such work of the Society as aims to further the education of engineers through the colleges 
and schools of aecepted standing. 


STANDING COMMITTEE, RELATIONS WITH COLLEGES 


R. P. Reece, Chairman KE. STANLEY AULT 

ow 
H. J. Brow No N. P. BAILEY Advisory 
KUENZEL D. S. CLARK 
Hf. R. PEARSON W. J. Cope q 
G. L. SULLIVAN 2. H. Porter 


Communicate with Student Branch through Honorary Chairman 


Year 
Author- 
Name and Location ized 
Akron, Univ. of, Akron, Ohio 1924 
Alabama Polytechnic Inst., Auburn, Ala. 1920 
Alabama, Univ. of, University, Ala. 1931 
Arizona, Univ. of, Tueson, Ariz. 1937 
Arkansas, Univ. of, Fayetteville, Ark. 1910 
British Columbia, Univ. of, Vancouver, B.C., Can. 1938 
Brown Univ., Providence, R.T. 1923 
Bucknell Univ., Lewisburg, Pa. 1916 
California Inst. of Tech., Pasadena, Calif. 1914 
California, Univ. of, Berkeley, Calif. 1912 
Carnegie Inst. of Tech., Pittsburgh, Pa. 1913 
Case School of Applied Science, Cleveland, Ohio 1913 
Catholic Univ. of America, Washington, D.C. 1922 
Cincinnati, Univ. of, Cincinnati, Ohio 1909 
Clarkson College of Tech., Potsdam, N.Y. 1930 
Clemson A. & M. College, Clemson College, 8.C. 1921 
Colorado A. & M. College, Ft. Collins, Colo. 1914 
Colorado, Univ. of, Boulder, Colo. 1914 
Colorado School of Mines Div., Golden -_—- 
Columbia Univ., New York, N.Y. 1909 
Connecticut, Univ. of, Sterrs, Conn. 1941 
Cooper Union Inst. of Tech., New York, N.Y. 1920 
Cooper Union Night School of Engineering., New York, 
1920 
Cornell Univ., Ithaca, N.Y. 1908 
Delaware, Univ. of, Newark, Del. 1929 
Detroit, Univ. of, Detroit, Mich. 1930 
Drexel Inst. of Tech., Philadelphia, Pa. 1920 
Duke Univ., Durham, N.C. 1935 
Florida, Univ. of, Gainesville, Fla. 1926 
‘George Washington Univ., Washington, D.C. 1924 
Georgia School of Tech., Atlanta, Ga. 1915 
Idaho, Univ. of, Moscow, Idaho 1925 
Illinois Inst. of Tech., Chicago, Il. 1940 
Illinois, Univ. of, Urbana, Ill. 1909 
lowa State College, Ames, Iowa 1919 
lowa, State Univ. of, Iowa City, Iowa 1913 
Johns Hopkins Univ., Baltimore, Md. 1917 
Kansas State College, Manhattan, Kan. 1914 
Kansas, Univ. of, Lawrence, Kan. 1909 
Kentucky, Univ. of, Lexington, Ky. 1911 
Lafayette College, Easton, Pa. 1919 
Lehigh Univ., Bethlehem, Pa. 1911 
Louisiana State Univ., University, La. 1916 
Louisville, Univ. of, Louisville, Ky. 1928 
Maine, Univ. of, Orono, Maine 1910 
Marquette Univ., Milwaukee, Wis. 1923 
Maryland, Univ. of, College Park, Md. 1937 
Massachusetts Inst. of Tech., Cambridge, Mass. 1909 
Michigan College of Min. & Tech., Houghton, Mich. 1930 
Michigan State College, East Lansing, Mich. 1917 
Michigan, Univ. of, Ann Arbor, Mich. 1914 
Minnesota, Univ. of, Minneapolis, Minn. 1913 
Mississippi State College, State College, Miss. 1926 
Missouri School of Mines & Metallurgy, Rolla, Mo. 1930 
Missouri, Univ. of, Columbia, Mo. 1909 
Montana State College, Bozeman, Mont. 1920 
Nebraska, Univ. of, Lineoln, Neb. 1909 
Nevada, Univ. of, Reno, Nev. 1928 
Newark College of Engineering, Newark, N.J. 1924 


Chairman 
T. J. Fister 


M. C. MEASEL 

T. F. Scorr 
WILLIAM ALLEN 
FE. J. MILier 

F. R. 

A. J. PEPPER 

D. W. Jones 

FE. F. 

R. E. Liprert 
JOHN KELSEY 

W. C. McELreatTu 
K. L. RIeKe 

D. G. McPHERSON 
ALAN COOK 
FREGORY BATTICK 


Irvine CHair 

W. Barr 

W. M. O’CoNNELL 
V.S. RyKWALDER 
N. M. Love 

R. E. KEMELHOR 
R. H. Kerce 
DonaLp Kamp 
M. N. Spector 

S. R. Sprague 
Roger BOWDEN 


H. O. Criss 

J. F. McGuckIn 
J.T. McSHANE 

H. G. P. SNypER 

J. E. YERGER 

H. M. Scumiptr 

W. C. CHESEBROUGH 
RICHARD CRONIN 
BERNARD LUBARSKY 
Rospert WHITE 

K. E. Gates 

JAY JOHNSON 

R. T. Murpny 

R. A. TAPPMEYER 
GeorGe SEEL 
Suiceo NAKANISHI 
J. M. GLYNN 

W. H. Stmpson 


Secretary 


HARE 


E. S. Berez 

L. V. ScHMipr 
BARBARA QUIMBY 
W. I. ScHers 

L. C. Hopper 

R. L. CASLIN 

W. H. FRIEDLANDER 
E. J. Borowrec 

H. R. RicHArRDsSON 
E. M. 

L. M. 
FREDERICK HOLtTE 
CLARENCE KOsLOSKY 


G. N. 
Sip RUMBOLDT 
GorDON BREWER 
Ropert KRAUSE 
B. W. Jay 

Lee WINISTSKY 
Mary FREEMAN 
C. R. SCHNEIDER 
J. C. PoINTNER 
JOSEPH VICELI 
Ropert AHERN 
DonaLp RausH 


W. F. Pro 


D. J. BustRAAN 


M. W. BrossMAN, JR. 


BARBER BECKER 

D. E. Smirn 
HELEN GorDON 
SMITH 
ROBERTA FLANAGAN 
RicHARD KROHE 
Rosert McInpoo 


E. J. Carr 


M. P. SULLIVAN 
I. C. Cone 

J. H. THomMpson 
M. A. KEENAN 


Honorary Chairman 


F. S. GrirFin 

C. R. Hrxon 

D. H. SHENK 

M. L. THorNBURG 
2. G. Pappock 
F. W. VERNON 
P. N. 

G. M. KuNKLE 
R. L. DAUGHERTY 
H. A. JoHNSON 
D. C. Saytor 

F. H. Vose 

M. E. WeESCHLER 
C. A. JOERGER 
Epwarp McHvucHu 
B. E. Fernow 

J. H. Scorretp 
W. S. BEATTIE 
W. M. RIcHTMANN 
J. E. 
K. P. Hanson 
W. A. Vopat 


FE. A. SALMA 

L. D. Conta 

Leo BLUMBERG 
H. J. McAvuray 
KENNETH RIDDLE 
T. C. Cooke 

N. C. Epaveu 
A. F. JoHNson 
R. L. SweIGcert 
H. F. Gauss 

R. A. BUDENHOLZER 
K. J. TrRIGcer 

H. J. STorver 

E. C. Lunpquist 
F. W. KouwENHOVEN 
A. J. Mack 

P. J. Porrer 

S. B. WALTON 

P. B. Eaton 

F. V. LARKIN 
WILLIAM WHIPPLE 
J. H. Davis 

I. H. PRAGEMAN 
J. E. Schoen 

J. W. JACKSON 
W. M. Murray 

A. P. Youne 

L. C. Price 

F. L. Schwartz 
A. W. ANDERSON 
A. V. KILpaTRIcK 
M. M. Botstap 

R. E. Gress 

N. H. Barnarp 

J. R. VANDYKE 
H. E. WALTER 
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Year 
Author- 
Name and Location ized 
New Hampshire, Univ. of, Durham, N.H. 1926 
New Mexico State College of A. & M. Arts, State Col- 

lege, New Mex. 1938 
New Mexico, Univ. of, Albuquerque, New Mex. 1935 
New York, College of the City of, New York, N.Y. 1922 
New York Univ. (Day School), New York, N.Y. 1909 
New York Univ. Evening School, New York, N.Y. 1933 
North Carolina State College, Raleigh, N.C. 1920 
North Dakota Agric. College, Fargo, N.D. 1929 
North Dakota, Univ. of, Grand Forks, N.D. 1923 
Northeastern Univ., Boston, Mass. 1922 
Northwestern Univ., Evanston, III. 1935 
Notre Dame, Univ. of, Notre Dame. Ind. 1929 
Ohio Northern Univ., Ada, Ohio 1922 
Ohio State Univ., Columbus, Ohio 1911 
Oklahoma A. & M. College, Stillwater, Okla. 1921 
Oklahoma, Univ. of, Norman, Okla. 1917 
Oregon State College, Corvallis, Ore. 1909 
Pennsylvania State College, State College, Pa. 1909 
Pennsylvania, Univ. of, Philadelphia, Pa. 1925 
Pittsburgh, Univ. of, Pittsburgh, Pa. 1917 
Polytechnic Inst. of Brooklyn, Brooklyn, N.Y. 1909 
Polytechnic Inst. of Brooklyn Evening School, Brooklyn. 

N.Y. 1909 
Pratt Inst., Brooklyn, N.Y. 1923 
Princeton Univ., Princeton, N.J. 1926 
Puerto Rico, Univ. of, Mayaguez, P.R. 1923 
Purdue Univ., West Lafayette, Ind. 1909 
Queen’s Univ., Kingston, Ont., Can. 1941 
Rensselaer Polytechnic Inst., Troy, N.Y. 1910 
Rhode Island State College, Kingston, R.I. 1930 
Rice Inst., Houston, Tex. 1926 
Rochester, Univ. of, Rochester, N.Y. 1945 
Rose Polytechnic Inst., Terre Haute, Ind. 1926 
Rutgers Univ., New Brunswick, NJ. 1920 
Santa Clara, Univ. of, Santa Clara, Calif. 1925 
South Dakota State College, Brookings, 8.D. 1935 
Southern California, Univ. of, Los Angeles, Calif. 1929 
Southern Methodist Univ., Dallas, Tex. 1933 
Stanford Univ., Stanford University, Calif. 1909 
Stevens Inst. of Tech., Hoboken, N.J. 1908 
Swarthmore College, Swarthmore, Pa. 1921 
Syracuse Univ., Syracuse, N.Y. 1912 
Tennessee, Univ. of, Knoxville, Tenn. 1923 
Texas, A. & M. College of, College Station, Tex. 1921 
Texas Technological College, Lubbock, Tex. 1930 
Texas, Univ. of, Austin, Tex. 1921 
Toronto, Univ. of, Toronto, Ont., Can. 1933 
Tufts College, Medford, Mass. 1917 
Tulane Univ. of Louisiana, New Orleans, La. 1933 
U.S. Naval Academy, Postgraduate School, Annapolis. 

Md. 1925 
Utah, Univ. of, Salt Lake City, Utah 1923 
Vanderbilt Univ., Nashville, Tenn. 1928 
Vermont, Univ. of, Burlington, Vt. 1922 
Villanova College, Villanova, Pa. 1925 
Virginia Polytechnic Inst., Blacksburg, Va. 1915 
Virginia, Univ. of, University, Va. 1923 
Washington, State College of, Pullman, Wash. 1920 
Washington Univ., St. Louis, Mo. 1911 
Washington, Univ. of, Seattle, Wash. 1917 
West Virginia Univ., Morgantown, W.Va. 1922 
Wisconsin, Univ. of, Madison, Wis. 1909 
Worcester Polytechnic Inst., Worcester, Wis. 1914 
Wyoming, Univ. of, Laramie, Wyo. 1925 
Yale Univ., New Haven, Conn. 1910 


Chairman 


CHESTER CHATFIELD 


P. F. Trrviz 

PauL DuGan 
JEROME FALK 

E. M. Epwin 

P. T. FuGATE 
Ropert SAU MSIEGLE 
A. W. ELLER 

G. H. MacKay, Jr. 
R. J. Smytru 

G. S. 

B. G. THACKER 

A. T. WILLIS 

JOHN ZOSZAK 
Rospert Mostertz 


Harry Ricn 


IRVING HANDELMAN 


ARMANDO VIVONI 
W. M. BYERLEY 
J. W. Sopen 

R. S. Wick 

N. D. ANDREWS 
C. M. Smiru 

J. W. Krosst 

J. E. SALADINO 
JOHN Bevis 
Rosert NELSON 
JAMES COLACHIS 
D. R. TURNER 
WILLIAM ROWLEY 
JOHN EASTER 
MaArtTIN HANNAH 
Bos GRAss 

B. W. Levy 
ELBERT RANKIN 
PauL WooLRIcH 
E. J. Duranp 
E. R. WENTLING 
FELICIEN PERRIN 


A. W. Ray, JR. 


Grorcr BACSIK 
F. F. Fisner, IIT 
ALLEN MARKS 
FRANZEL. 
J. L. HUMPHREY 
G. FE. HuavKa 
H. L. 


ene 


J. R. Kistier 
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Secretary 


J. A. HAWKE 


Eva BLANCHARD 
Louis PREVIATI 
BERNARD BREITMAN 
1. E. ForKas 

R. C. Woop 

7. R. GREENE 
Robert WIENER 

W. A. NEELEY 

A. C. SARTORE 
JULES CROFT 

Max 

J. G. JACKSON 
WILLIAM HATALSKY 
ELISABETH GRIFFITH 
ROBERT BREDIN 


O60 


DOMINICK CASALE 


J.P. DeRosa 


RAUL TorRES 

C. W. Kay 

A. B. Hopkins 
ROBERT CONOVER 
O. R. Pansa 

C. V. Dresser 
F. Scnuocu 
W. A. SAILLIARD 
JOSEPH SPILLANE 
J. C. MCWAYNE 
WILLIAM MIROFF 
C. R. Ferguson 
J. E. KRantz 
RoBerRT GAGE 
JACK SILVERMAN 
M. P. Fain 

A. S. 
CARL JENSEN 
RoBERT BURNS 
N. L. Brown 
LEROY FROEBERG 
L. W. SALATHE 


J. R. BUTLER 
T. C. Har_in 


H. N. Bomsick 


GLENN A. MAIN, JR. 
W. F. Jounson, Jr. 


WinG LEONG 

E. J. SHARKEY 
MiLprep SMITH 
A. E. Rockwoop 


Honorary Chairman 


TENKO KAUPPINEN 


A. M. LUKENS 
A. D. Forp 

S. J. Tracy 

F. L. Srncer 
F. L. 
WALTER LOWEN 
R. M. DoLve 

F. A. STEARNS 
JOEL BAILEY 
C. R. Eory 

A. R. 

F. W. Marquis 
C. M. LEONARD 
E. M. Sims 

C. A. ARENTS 
J. S. 
SERGE GRATCH 
J. A. DENT 

EK. F. Courcn, Jr. 


E. F. Cuurcn, Jr. 
K. FE. QuIER 

A. EF. SorENSON 

I. W. TRUETTNER 
D. S. CLARK 

FE. J. C. SCHMIDLIN 
K. H. 

L. CARPENTER 
J. B. T. Downs 

E. K. 
EpWArD ECKERMAN 
C. O. Heatu, Jr. 
G. L. SULLIVAN 

L. L. AMIDON 

V. C. 

C. A. 

W. A. Mason 

K. J. Moser 

M. B. Moore 

S. T. Hart 

F. H. THomMas 

C. W. FILes 

L. J. Powers 
DANA YOUNG 

I. W. Smirn 

D. A. FISHER 

J. K. Mayer 


P. J. KIEFER 
W. J. Corr 

J. E. Boynton 
Rk. G. CHAPMAN 
G. H. 

J. L. Jones 

H. P. FuLiterton 
F. W. 
R. R. Tucker 
R. W. Crain 
H. M. CaTrHer 
P. S. Myers 

L. J. Hooper 
C. ANDERSON 
Ss. W. DupbLey 


AG 
W. R. GREEN 
W. A. Free 
: 


ArTICLE B6A, Par. 24: The Standing Committee on Research shall, under the direction of 
the Council, have supervision of the research activities of the Society. 


The first Standing Committee on Research was organized in 1909. 


STANDING COMMITTEE 


J. F. Downie SMITH, Chairman (1946) 
WEISBERG (1947) 

G. A. HAWKINS (1948) 

E. L. Roprnson (1949) 

To be appointed (1950) 


LUBRICATION 


Appointed October, 1915, to investigate the 
fundamental problems of lubrication, to 
formulate results of investigations previ- 
ously made, and to keep in touch with 
contemporary research in this field 


(Reorganized May, 1936) 


B. L. NewkirRK, Chairman 
S. J. Neeps, Secretary 

\. L. BEALL 

W. CAMPBELL 


J. C. GENIESSE 
M. D. 
M. Larson 
KF. C. Linn 

S. A. McKee 
FE. S. PEARCE 
W. A. ZISMAN 


FLUID METERS 


Appointed 1916 to develop the theory of 
fluid meters of all kinds and to report on the 
best methods for their installation and use 


(Reorganized July, 1926) 


R. J. S. Prcorr, Chairman 
J. R. Caruron, Secretary 
H. S. BEAN 


S. R. 

. BLANCHARD 
. O. BUCKLAND 
vUIS GESS 

W. JACOBSON 
A. J. Kerr 

T. H. Kerr 

1. O. MINER 

M. P. O’Brien 
W.S. Parpbor 

L. K. Spink 

R. SpRENKLE 
T. R. WeymMoutn 
M. J. Zucrow 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921, to investigate 
factors affecting the strength and life of 
gear teeth 


R. E. FLANpeErs, Chairman 
C. H. Loaur, Seeretary 
EARLE BUCKINGHAM 

A. M. GREENE, JR. 

C. W. Ham 

F. E. MCMULLEN 

W. 

ERNEST WILDHABER 


AS.M.E. SOCIETY RECORDS, PART 1 


RESEARCH COMMITTEES 


METAL CUTTING DATA AND 
BIBLIOGRAPHY 


Appointed in September, 1923, to study the 
problems of metal cutting, including tool 
materials, tool design, speeds and feeds 


(Reorganized December, 1943) 


M. E. Chairman 
O. W. Boston 

W. C. Dre GRAFF 

IF. M. Fisner 

W. W. GILBERT 

T. F. GirHens 

W. L. Kennicotr 

F. W. Lucutr 

F. J. OLIVER 


CUTTING FLUIDS 


Appointed in September, 1928, to study the 
problems of metal cutting, including lubrica- 
tion and cooling 


(Reorganized December, 1943) 


O. W. Boston, Chairman 
J. T. 

JOSEPH GESCHELIN 

F. W. Lucur 

M. E. MARTELLOTTI 

W. H. OLpDACRE 

Don WANGELIN 

G. P. WirteEMAN 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the 

status of the mechanical-spring art, to pro- 

mote and conduct necessary and adequate 

research, and to develop the art to the point 
of standardization 


J. R. TowNnsenp, Chairman 
T. Epgerton, Secretary 
t. D. Brizzocara, Alternate 
W. Cook 

W. T. DonkKIN 

EKSERGIAN 

G. Ek. HANSEN 

A. C. KELLER 

BENJAMIN LiEBROWITZ 
Davin Lorts 

D. J. McAbAM, Jr. 

L. C. PESKIN 

kh. E. PETERSON 

J. W. ROCKEFELLER, JR. 

B. W. Sr. Clair 

M. F. Sayre 

T. R. WEBER 

KetrH WILLIAMS 

J. K. Woop 

P. ZrMMERLI 


ELEVATORS 


Appointed June, 1924, to study the func- 
tion and operation of elevator safeties and 
buffers and their associated mechanisms 
and to develop methods of test for the ap- 
proval of elevator safety devices 


(Reorganized August, 1940) 


D. J. Purtnton, Chairman 
J. A. Dickinson, Secretary 


. W. Jones, fficio 
1. M. Bouton 
A. COLAHAN 
P. Keoon 
. J. MATSON 
1. B. McLAUTHLIN 
W.S. PAINe 
C. A. PETERS 


EFFECT OF TEMPERATURE ON THE 
PROPERTIES OF METALS 


Appointed December, 1924, as a Joint Re- 
search Committee of the A.S.T.M. and the 
A.S.M.E. to encourage the investigation 
and accumulation of data on the properties 
of metals used in the mechanic arts at 
extremely high and low temperatures 


N. L. Mocner, Chairman 

H. J. Kerr, Vice-Chairman 

J. W. Botton, Secretary 

W. H. ArMAaAcost 

A. B. BAGSAR 

A. D. BAILey 

F. E. Basu 

. CLARK 

. Dixon 

F. B. Foiry 

J. R. FREEMAN, JR. 

H. J. Frencn 

H. W. 

A. J. Herzig 

G. F. JENKS 

J. J. KANTER 

C. E. MacQuiee 

V. T. MALcotm 

F. 

Henry NortH 

E. L. Roprnson 

J. H. RoMANN 

A. E. WHITE 

J. S. Wortn 

Director, National Bureau of Standards, 
U.S. Department of Commerce 

Representative of Bureau of Ships, U.S. 
Navy Department 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research 
Committee of the American Boiler Manu- 
facturers Association, American Railway 
Engineering Association, American Water 
Works Association, Edison Electric Insti- 
tute, the American Society for Testing Ma- 
terials, and the A.S.M.E. to study methods 
of analysis and treatment of boiler feed- 
water for stationary and railroad practice 


EXeEcUTIVE COMMITTEE (Total personnel, 41) 


C. H. Fettows, Chairman 

R. C. BARDWELL, Vice-Chairman 
J. B. Romer, Secretary 

A. G. CHRISTIE * 

R. E. CouGHLAN 

B. W. De GEER 

Max Hecut 

H. E. Jorpan 


(Continued) 


* Official A.S.M.E. representative serv- 


ing on this committee. 
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BOILER FEEDWATER STUDIES 
(Continued) 


P. B. PLAace 
S. T. PowELL 
F. N. SPELLER 


G. E. 
EF. H. TENNEY 
A. E. WHITE * 


CONDENSER TUBES 


Appointed May, 1925, to investigate and 

report on the causes of failure of tubes used 

in steam condensers and similar heat inter- 
change apparatus 


E. Wuitr, Chairman 

C. WEEKs, Vice-Chairman 
A. BANCELL 

Y. BASSETT 

A. BOWMAN 

S. BuNN 

K. CRAMPTON 

. A. CRAWFORD 

. E. DILLON 

C. O. Evans 

J. R. FREEMAN, JR. 

V. M. Frost 

C. F. Harwoop 

G. C. 

W. C. HoL_MEs 

J.C. PHILLIPS 

W. B. Price 

J.S. Ropeers 

Director, Bureau of Ships, U.S. Navy De- 
partment 


WORM GEARS 


Appointed May, 1927, to investigate certain 

problems in connection with the action of 

worm gear drives and to recommend im- 

provements in their design, manufacture, 
and use 


EARLE BUCKINGHAM, Chairman 

G. H. ACKER 

L. R. BUCKENDALE 

A. A. Ross 

B. F. WATERMAN 

Representative of Bureau of Ships, U.S. 
Navy Department 


STRENGTH OF VESSELS UNDER 
EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable 

design data on the strength of cylindrical 

and spherical surfaces under external pres- 

sure, particularly with reference to jacketed 
vessels 


F. V. HartTMAN, Chairman 
M. B. Hieerns 

I. C. Korten 

H. E. SAUNDERS 

E. E. SHANOR 

R. G. Sturm 

D. B. WesstTRoM 

D. F. WINDENBURG 

Dana YOUNG 
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WIRE ROPE 


Appointed April, 1930, to investigate evist- 
ing rope so that it may be better understood 
and more effectively used 


W. H. Futwei er, Chairman 
H. LeR. Brink 

A. H. 

B. V. FE. NorpBera 

W. S. PAINE 

W. J. RYAN 

JEORGE SIMPSON 

L. E. Youne 


CRITICAL PRESSURE STEAM 
BOILERS 


Appointed June, 1981, to study the char- 
acteristics of high-pressure forced-circula- 
tion steam-generating units 


H. L. Chairman 
W. H. ARMACOsT 
A. D. BAILEY 

C. L. CLARK 

F. S. Clark 

C. H. Fettows 
H. J. Kerr 

FE. C. Perris 

E. L. Rosprnson 
W. H. Rowanp 
P. W. THOMPSON 


PLASTIC FLOW OF METALS 


Appointed October, 1988, to study plasticity 
in the particular field of rolling of steel 


A. L. Napat, Chairman 

C. W. MacGreaor, Secretary 
E. C. BAIN 

C. L. EKSERGIAN 

LEV AN GRIFFIS 

J. H. Hirencock 

W. P. Roop 

M. D. 

W. TRINKS 


PERFORMANCE FACTORS 


Appointed in October, 1941, to collect and 

rationalize data on the performance of com- 

mercially important furnaces as an aid to 
design and operation 


FURNACE 


A. R. Mumrorp, Chairman 
JOHN BLIZARD 

O. F. CAMPBELL 

W. A. CARTER 

B. J. Cross 

T. B. Drew 

F. G. 

A. C. FIELDNER 

J. H. HARLow 

H. C. Horre. 

E. L. Linpsetu 

J. H. McApAMs 

R. MIcHei 

. R. MILNE 

J. NERAD 

. B. POWELL 

. A. RAYMOND 

W. T. 

W. C. ScHroeper, Alternate 
L. B. ScHvuELER, Alternate 
R. A. SHERMAN 

Sporn 

A. W. T1Horson 

HERMAN WEISBERG 

W. J. WoHLENBERG 


FORGING OF STEEL SHELLS 


Appointed in October, 1941, to study meth- 
ods of shell manufacture under modern 
conditions 


M. D. Srone, Chairman 

W. Trinks, Projects Director 
JOHN DIERBECK 

M. S. Evans 

D. W. FLETCHER 

W. M. FRAME 

W. N. Howey 

A. F. MAcconocu ig 

W. P. Muir 

A. L. Nabat 

A. R. 

GEORGE SACHS 

A. E. Van CLEVE 

U.S. Army, Ordnance Department 
U.S. Navy, Bureau of Ordnance 


DEMOLITION BOMB BODIES 


Appointed in October, 1948, to study 
methods of demolition bomb body manufac. 
ture under modern conditions 


M. D. Srone, Chairman 

W. O. CLINEDINST, Secretary 
W. Trinks, Projects Director 
G. M. Crorr 

F. C. FANTz 

W. M. FRAME 

R. FurRER 

J. M. Hopkins 

H. B. Liaererr 

A. L. NAaDAI 

GEORGE SACHS 

U.S. Army, Ordnance Department 
U.S. Navy, Bureau of Ordnance 


INTERNAL-COMBUSTION ENGINES 


Appointed in September, 1944, to prosecute, 

correlate, analyze, and report on research 

relating to efficiency, reliability, mainte- 

nance, and operating conditions of internal 
combustion engines 


LEE SCHUNEITTER, Chairman 
W.L. H. DoyLe 

M. A. ELviorr 

C. W. 

W. F. Joacuim 


FINISHING AND MACHINING OF 
H.E. STEEL SHELLS 


Appointed in February, 1945, to study and 
critically compare the various methods of 
machining and finishing steel shells 


D. W. Fietcnuer, Chairman 
R. W. Biaas, Secretary 

W. Trinks, Projects Director 
O. W. Boston 

W. C. De GRAFF 

M.S. Evans 

D. M. GALLoway 

C. G. GRAZI0SO 

W.N. HowLey 

M. L. KatrKe 

M. D. Stone 

U.S. Army, Ordnance Department 
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PROPERTIES OF GASES AND 
GAS MIXTURES 


Appointed in June, 1945, to assemble and 
co-ordinate present available data on the 
properties of gases and gas mirtures 


J. A. Gorr, Chairman 
H. W. EMMons 
SerGeE GRATCH 
GERHARD HERZBERG 
H. L. JoHNSTON 

V. KLeEINscHMIDT 
L. Roprnson 

D. Rossini 

B. SmMitH 


AUTOMATIC REGULATION THEORY 


Appointed in November, 1945, to supply 

hasic data for correlating the apparent con- 

flicts between the various approaches to the 
theory of automatic process control 


AS.M.E. SOCIETY RECORDS, PART 1 


C. E. Mason, Chairman 
S. Brown 

D. P. CAMPBELL 

C. O. FAIRCHILD 
Herpert Harris, JR. 
NICHOLAS MINORSKY 
GrorGE PHILBRICK 

A. F. Sperry: 


A.S.M.E. Representatives on 
Other Research Committees 


See also A.N.M.E. Representatives on Other 
Activities, page RI-9 


AMERICAN CO-ORDINATING COM- 
MITTEE ON CORROSION 
American Society for Testing Materials 
C. H. Fettows 

S. L. Kerr 
FATIGUE PHENOMENA OF METALS 
American Society for Testing Materials 


C. T. EDGERTON 
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METALLURGICAL RESEARCH 


Advisory Committee to the National Bureau 
of Standards 


C. H. BrerBaAauM 


PROPERTIES OF REFRACTORY 
MATERIALS 


Advisory Committee to the National Bureau 
of Standards 


E. B. Powe. 


WATER FOR INDUSTRIAL 
USES (D-19) 


American Society for Testing Materials 


B. J. Cross 
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AS.M.E. SOCIETY RECORDS, PART 1 


STANDARDIZATION COMMITTEES 


ARTICLE B6A, Par. 23: 


The Standing Committee on Standardization shall advise the 


Council on the dimensional standardization work of the Society, including relations with the 
American Standards Association. 


The first Standing Committee on Standardization was organized in April, 1911. 


STANDING COMMITTEE 


J. Hatt Taytor, Chairman (1946) 
E. J. Bryant (1947) 

D. S. (1948) 

F. Huen Moreneap (1949) 

F. K. (1950) 


STANDARDIZATION AND UNIFICA- 
TION OF SCREW THREADS (B1) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

originally organized in June, 1921. Reor- 
ganized in May, 1929 


A.S.M.E. Members (Total personnel, 39) 


FE. J. Bryant, Chairman 
A. M. Houser, Vice-Chairman 4 
EARLE BUCKINGHAM 

G. S. Case 

T. G. CRAWFORD 

L. W. Alternate 
H. C. E. MEYER 

P. V. MILLER 

W. C. MUELLER 

R. H. Perry 

W. C. Stewart, Alternate 
G. T. TRUNDLE, JR. 


SUBCOMMITTEE CHAIRMAN 


No. 7 on Screw Threads for High Tempera- 
ture Bolting, W. H. Gour.ir 


PIPE THREADS (B2) 


* Joint sponsorship with the American Gas 

Association. Sectional Committee originally 

organized in 1918. Reorganized December, 
1927 


A.S.M.E. Members (Total personnel, 41) 


A. S. MILLER, Chairman 

C. B. LePage, Acting Secretary 
C. A. BADEAU 

A. F. BREITENSTEIN + 

EK. J. BRYANT 

E. S. CorneELL, JR. 

J. J. Crorry 
A. M. Houser + 

L. W. 

P. V. MILLER 

F. Hugo Moreneap 
L. N. SHANNON 

O. M. TIsHLARICH 
FRANK THORNTON, JR. 
ROWLAND TOMPKINS 
B. B. Wescorr 

J. H. 


SUBCOM MITTEE CHAIRMAN 


No. 1 on Editing and Gaging, A. M. Houser 


*Note: All of these standards committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 


BALL AND ROLLER BEARINGS (B3) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized December, 1920 


A.S.M.E. Members (Total personnel, 18) 


W. P. Kennepy, Vice-Chairman + 
D. E. BATESOLE t 

L. A. CUMMINGS 

O. H. Dorner 

F. G. Hugues 

G. E. + 

W. L. Ivirr + 

L. F. NENNINGER 

S. M. WEcKSTEIN + 

ERNEST WOOLER 


ALLOWANCES AND TOLERANCES 
FOR CYLINDRICAL PARTS AND 
LIMIT GAGES (B4) 


* Sole sponsorship. Sectional Committee 
originally organized in June, 1920. Reor- 
ganized in December, 1930 


A.S.M.E. Members (Total personnel, 36) 


J. E. Lovety, Chairman 
F. BANFIELD, JR. 
F. 8. BLACKALL, JR. 
E. J. BRYANT 
E 


T. G. CRAWFORD 

R. E. W. Harrison 
F. O. HoAGLANp 
N. JAcosr 

H. C. E. MEYER 

P. V. MILLER 

W. C. MUELLER 

E. C. Peck t 

R. H. Perry 

W. C. ScHOENFELDT 
C. C. STEVENS 

G. T. TRUNDLE, JR. 


SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (B5) 


* Joint sponsorship with the National Ma- 

chine Tool Builders’ Association, and the 

Society of Automotive Engineers. Sectional 
Committee organized September, 1922 


A.S.M.E. Members (Total personnel, 32) 


W. C. MUELLER, Chairman + 
F. O. HoaGianp, Vice-Chairman 
J. B. ARMITAGE 

O. W. Boston 

E. J. BRYANT 

EARLE BUCKINGHAM 

F. H. Cotvin 

S. A. EINSTEIN 

J. P. 

L. N. Hampton, Alternate 
H. E. Harris 

JoHN Haypock 

J. P. Laux 

J. E. Lovery t 

A. F. Murray 

Errk OBERG 

FRANK THORNTON, JR. 


TECHNICAL COMMITTEES 


EXECUTIVE COMMITTEE 
A.S.M.E. Members (Total personnel, 4) 


W. C. MUELLER, Chairman 
F. O. Hoaaianpn, Vice-Chairman 
Hf. EK. Harris 


No. 1 on T-Srors 
A.S.M.E. Members (Total personnel, 7) 


Opere, Chairman 
J. B. ARMITAGE 

Harry CADWALLADER, JR. 
S. A. 

F. O. HOAGLAND 


No. 2 on Toot-Posts AND ‘TooL SHANKS 
A.S.M.E. Members (Total personnel, 8) 


O. W. Boston, Chairman 
F. S. BLACKALL, JR. 
GRANGER DAVENPORT 

M. E. LANGE 


No. 3 ON MACHINE TAPERS 
A.S.M.E. Members (Total personnel, 20) 


EK. J. Bryant, Chairman 
J. B. ARMITAGE 

F. S. BLacKALL, Jr. 
EARLE BUCKINGHAM 
F. H. Cotvin 

B. P. GRAVES 

FE. E. Grirrirus 

H. Harris 

F. O. HoaGLanp 

J. H. Horigan 

G. W. Metz, Alternate 
L. F. NENNINGER 


No. 4 ON SPINDLE NOSES AND COLLETS FOR 
MACHINE TOooLs 


A.S.M.E. Members (Total personnel, 5) 


J. E. Lovety, Chairman 
H. W. FAHRLANDER 

D. GANGWERE 

F. O. HoaGLanp 


No. 5 oN MILLING Currers 
A.S.M.E. Members (Total personnel, 19) 


G. W. Merz, Alternate 
bk. K. Morgan 

ErtK OBERG 

Don VANCIL 


J. B. ARMITAGE 
A. N. GoppArpD 
E. Grierirus 
J. H. Horigan 


No. 6 ON DESIGNATIONS AND WORKING 
RANGES OF MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 19) 


JouHn Haypock, Chairman 
T. H. Doan 

H. W. FAHRLANDER 

H. W. 

B. P. GRAVES 

J. J. McBripe 

L. F, NENNINGER 

E. R. 
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No. 7 on Twist S1zEs 
A.S.M.E. Members (Total personnel, 6) 


W. C. MUELLER, Chairman 
EF. Grirritus 

J. H. Hori@an 

G. W. Metz, Alternate 


No. 8 on Jia BUSHINGS 
A.S.M.E. Members (Total personnel, 8) 
GrirFirus G. W. Merz, Alternate 
J. H. Tortgan 
No. 9 oN PuNCH PReEss Toots 
A.S.M.E. Members (Total personnel, 13) 


If. Harris 
G. W. Metz, Alternate 
D. M. PALMER 


D. H. Cason 
W. ERNEST 
E. 
No. 10 on FormMine Toots AND HOoLprers 
A.S.M.E. Members (Total personnel, 10) 
W. C. Chairman 
W. E. BLANK 
E. Grirritus 
G. W. Merz, Alternate 
L. D. SPENCE 
No. 11 on Cuucks AND CHUCK JAWws 

A.S.M.E. Member (Total personne!, 9) 


J. i. Lovery, Chairman 


No. 12 on Cur AND Grounp THREAD ‘TAPS 
A.S.M.F. Member 


J. E. ENN1s 


(Total personnel, 7) 


No. 13 0N SPLINES AND SPLINED SHAFTS 
A.S.M.E. Members (Total personnel, 20) 


J. B. ARMITAGE F. O. HOAGLAND 
H. W. FAHRLANDER J. Lovery 
R. E. W. Harrison 


No. 17 ON NOMENCLATURE FOR SMALL ‘TOOLS 
AND MacuINne Toot ELEMENTS 


A.S.M.E. Members (Total personnel, 12) 


O. W. Boston, Chairman and Secretary 
F. S. BLACKALL, Jr. 

F. H. CoLvin 

H. E. Harris 

F. O. HOAGLAND 


No. 19 on Currine Toois 
A.S.M.E. Members (Total personnel, 2) 
F. H. Cotvin, Chairman 
O. W. Boston, Secretary 
No. 20 on REAMERS 
A.S:M.E,. Members (Total personnel, 15) 


F. H. Corvin J. H. Horigan 
T. F. Gituens O. 
F. E. Grirritrus +. W. Merz, Alternate 


No. 21 on Toou-Lire Tests FoR SINGLE- 
Potnt Toots 


A.S.M.E. Members (Total personnel, 9) 


O. W. Boston, Chairman 
E. Grirrirus 

M. F. JupK1ns 

F. W. Lucut 

G. W. Mertz, Alternate 
H. L. Mor 
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No. 23 ON MACHINE PINS 
A.S.M.E. Members (Total personnel, 14) 


J. J. McBripe 
R. H. Smitu 


G. W. Metz, Secretary 
E. 


GEARS (B6) 


* Joint sponsorship with the American Gear 
Manufacturers Association. Nectional Com- 
mittee organized June, 1921 


A.S.M.E. Members (Total personnel, 23) 


U. S. Epernarpt, Chairman 

EARLE BUCKINGHAM, Vice-Chairman + 
G. H. ACKER 

A. H. CANDEE 

S. L. CRAWSHAW 

L. H. Fry 

C. B. HAMILTON, Jr. 

D. 'T. HAMILTON 

O. A. LEUTWILER 


SUBCOMMITTEE CHAIRMEN 


No. 3 on Nomenclature, D. T. HAMILTON 
No. 9 on Inspection, GRANGER DAVENPORT 


PIPE FLANGES AND FITTINGS (B16) 


* Joint sponsorship with the Heating, Pip- 

ing and Air Conditioning Contractors Na- 

tional Association, and the Manufacturers 

Standardization Society of the Valve and 

Fittings Industry. Sectional Committee or- 
ganized November, 1921 


A.S.M.E. Members (Total personnel, 51) 


C. P. Buiss, Chairman + 
A. L. BAKER 

L. W. Benoit t 

JoHN Buizarp, Alternate 
A. L. Brown 

SABIN CROCKER 
FERDINAND FINK 

VM. Frost 

H. E. HALLER 

F. H. HeEnEMANN 

J.S. Hess = 
H. A. Horrer 

A. M. Houser 

C. A. Kevtine 

J. R. Kruse 

M. B. MAcNEILLE 

F. Moreneap 

I.. S. Morse, Sr. 

A. W. OAKLEY 

FreD OPHULS 

Lupwiae Skog 

J. E. STarkK 

i. TANNER 

. TAYLOR 

ROWLAND TOMPKINS 

G. W. Watts 

J. H. 

J. H. Zink 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Cast Iron Flanges and Flanged 
Fittings, A. M. Houser 

No. 2 on Screwed Fittings, F. HugH More- 
HEAD 

No. 3 on Steel Flanges and Flanged Fit- 
tings, L. D. Burrirr 

No. 4 on Materials and Stresses, A. M. 


HOousER 

No. 5 on Face to Face Dimensions of Fer- 
rous Flanged Valves, J. R. TANNER 

No. 6 on Malleable Iron or Steel Brass 
Seat Unions (to be appointed) 

No. 8 on Marking of Pipe Fittings, F. 
Huen 


SHAFTING (B17) 
* Sole sponsorship. Organized October, 1918 
A.S.M.E. Members (Total personnel, 11) 


C. B. LePace, Secretary 
H. C. E. MEYER 

L. C. Morrow 

L. W. WILLIAMs ¢ 


BOLT, NUT, AND RIVET PROPOR- 
TIONS (B18) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized March, 1922 


A.S.M.E. Members (Total personnel, 48) 


W. R. Haruipay, Chairman + 

W. C. Stewart, Alternate, Secretary 
H. E. ALDRICH 

F. C. BILLineés 

B. G. BRAINE 

G. S. Case 

T. G. CRAWFoRD 

If. P. FReaR 

A. R. GatEwoop 

A. M. Howser t 

HERMAN Koester t+ 

J. J. McBrine, Alternate 
W. C. MUELLER 
S. F. NewMAN 
R. H. Perry 

J. R. TANNER 

R. J. WHELAN 

M. WHitine 
V. R. 


SUBCOMMITTEE CHAIRMEN 


No. 3 on Slotted and Recessed Head 
Screws, F. P. Tiscu 
No. 9 on Socket Head Cap and Set Screws, 2 


HERMAN KOESTER 


PLAIN AND LOCK WASHERS (B27) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized March, 1926 


A.S.M.E. Members (Total personnel, 41) 


W. R. Bryans H. C. E. Meyer 
T. G. CRAWForRD J. S. MoreHouse 
W. R. HaLimay W. C. MUELLER + 
C. H. Lourrer M. Wuitine + 
J. J. McBripe 


SUBCOM MITTEE CHAIRMEN 


No. 


1 on Plain Washers, W. L. BartH 
No. 2. 


on Spring Washers, E. D. CowLtn 


TRANSMISSION CHAINS AND 
SPROCKETS (B29) 


* Joint sponsorship with the Society of 
Automotive Engineers, and the American 
Gear Manufacturers Association. Sectional 
Committee originally organized September, 
1917. Reorganized December, 1926 


A.S.M.E. Members (Total personnel, 13) 


EF. B. NicuHots + 
D. B. Perry 
C. R. WEIss 


J. M. Bryant t 
JOSEPH JOY 
V. Lupy t 
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CODE FOR PRESSURE PIPING (B31) 


* Sole sponsorship. Sectional Committee 
originally organized November, 1926. Reor- 
ganized December, 1987 


A.S.M.E. Members (Total personnel, 82) 


ALFRED IppLes, Chairman t 
L. W. Benort, Alternate 
J.D. Capron, Alternate 
L. H. Carr, Alternate 
D. H. Corry 

SABIN CROCKER 

J. J. Crowe, Alternate 
H. D. Epwarps 

V. M. Frost 

T. W. GREENE, Alternate 
H. E. 

J. S. Have 

H. A. Horrer 

G. G. 

E. L. Hopprne 

A. M. Houser t 

D. S. Jacosus 

T. M. JASPER 

H. E. Keeier 

C. A. KELTING 

H. Krree 

G. 

M. B. MAcNEILLE 

H. C. E. MEYER 

J. W. Moore 

F. Moreneap 

H. H. Morgan 

L. S. Morse, Sr. 

H. H. Moss, Alternate 
R. M. NEE 

W. Norris 

C. W. OBERT 

A. L. PENNIMAN, JR. 
E. B. Ricketts 

C. 8. Rosrnson + 

J. H. RoMANN 

D. B. RossHEIM 

G. W. SAATHOFF 

G. K. SAURWEIN 
Lupwieé 

H. S. Smirn 

J. E. Stark 

J. R. TANNER 

J. H. TAaytor 

J. H. VANCE 

H. L. WHITTEMORE 

J. H. WILLIAMS 

E. J. WISEMAN, Alternate 
T. F. WoLre 

J. H. 


SUBCOM MITTEE CHAIRMEN 


Subcommittee on Scope and Intent, Sabin 
CROCKER 


No. 1 on Plan, Scope, and Editing, SaBrn 
CROCKER 
2 on Power Piping, ALFRED IDDLES 
No. 4 on Gas and Air Piping, J. S. Have 
5 on Refrigeration Piping, A. B. SticK- 
NEY 
No. 6 on Oil Piping, L. D. Burritt 
7 on Piping Materials and Identifica- 
tion, F. Moreneap 
No. 8 on Fabrication Details, Lupwie SKxoe 
No. 9 on District Heating Piping, G. K. 
SAURWEIN 


WIRE AND SHEET METAL GAGES 
(B32) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 


AS.M.E. SOCIETY RECORDS, PART 1 


tee originally organized November, 1928. 
Reorganized November, 1939 


A.S.M.E. Members (Total personnel, 32) 


A. P. Corrie J. F. Howe 
I. W. ERNeEstT G. WILSON 


SCREW THREADS FOR HOSE 
COUPLINGS (B33) 


* Sole sponsorship. Sectional Committee 
organized October, 1928 


A.S.M.E. Members (Total personnel, 21) 


A. L. Brown, Secretary 
L. W. BENoIT 

A. F. BREITENSTEIN 
J. J. Crorry 

W. E. DunHAM t+ 

F. C. Ernst, Alternate 
H. C. E. MEYER 

J. H. 


WROUGHT IRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 


* Joint sponsorship with the American So- 
ciety for Testing Materials. Sectional Com- 
mittee organized May, 1928 


A.S.M.E. Members (Total personnel, 36) 


H. H. Morean, Chairman 
SABIN CROCKER, Necretary 
J. S. ADELSON 

H FE. ALpricu 

F. S. CLark, Alternate + 
A. R. GATEWooD 

NEWELL HAMILTON 

D. 8S. Jacosus + 

J. J. KANTER 

H. C. E. MEYER 

F. Hugo MoreHeap 

B. OAaTLey 

J. H. RoMANN 

Lupwie SKoe + 

J. R. TANNER 

A. E. WHITE 


SUBCOM MITTEE CHAIRMEN 


Pipe and Tubing for Low Temperature 
Service, J. J. SHUMAN 

Pipe and Tubing for High Temperature 
Service, J. R. TANNER 


PRESSURE AND VACUUM GAGES 
(B40) 


* Sole sponsorship. Sectional Committee 
organized December, 1930 


A.S.M.E. Members (Total personnel, 40) 


M. D. ENGLE, Chairman 
A. W. LenperoTtH, Secretary t 
E. J. BRYANT 

J. P. CAVANAUGH t 

J. J. CROWE 

PavuL DISERENS 

C. H. GRAESSER 

W. F. Jones 

R. J. KEHL 

J. C. McCune t 

A. H. Morcan 

H. B. ReyNnowps 

W. C. SCHOENFELDT 


STOCK SIZES, SHAPES AND LENGTHS 
FOR HOT AND COLD FINISHED 
IRON AND STEEL BARS (B41) 


* Sole sponsorship. Sectional Committee 
organized June, 1930 


A.S.M.E. Members (Total personnel, 24) 


©. D. ALLEN 
F. H. DecHANT 
W. Ernest 


H. D. TANNER 
W. WILLIAMS t 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Hot Rolled Steel, Henry Wysor 
No. 2 on Cold Finished Steels, L. E. 
CREIGHTON 


SPECIFICATIONS FOR LEATHER 
BELTING (B42) 


* Sole sponsorship. Sectional Committee 
organized May, 1931 


A.S.M.E. Members (Total personnel, 21) 


H. T. Coates P. G. Rwoaps 


R. W. Drake t 


CLASSIFICATION AND DESIGNATION 
OF SURFACE QUALITIES (B46) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized December, 1982 


A.S.M.E. Members (Total personnel, 64) 


R. F. Gaae, Chairman 
R. Boynton, Secretary 
J. 

L. W. Benorr 

E. J. Bryant 

T. G. CRAWFORD 

R. C. DEALE 

U. S. 

S. A. EINSTEIN 

W. W. GILBert 

R. E. W. Harrison + 
F. O. HoaGLanp 

H. J. 

R. T. Kent 

H. F. Kurrz 

J. H. LANSING 
JosEePH MANUELE 

C. C. STEVENS 

W. C. STEWART 

J. S. TAWRESEY 

C. H. WHITAKER 
ERNEST WOOLER 


SUBCOM MITTEE CHAIRMEN 


Special Subcommittee on Revision and Edit- 
ing, F. Gace 


SHAFT COUPLINGS, INTEGRALLY 
FORGED FLANGE TYPE FOR 
HYDROELECTRIC UNITS 
(B49) 


* Sole sponsorship. Sectional Committee 
organized October, 1943 


A.S.M.E. Members (Total personnel, 18) 


. E. B. Chairman 
J. McCormack, Secretary 
. BARBOUR 
F. Moopy 

. R. Ricu 
E. B. StrowGer 
R. V. Terry 
W. F. 
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COMBUSTION SPACE FOR SOLID 
FUELS (B50) 


* Sole sponsorship. Sectional Committee 
organized June, 1933 


A.S.M.E. Members (Total personnel, 19) 


C. FE. Bronson, Chairman 
W. G. CHRISTY 

Joun HUNTER 

A. J. JOHNSON 

V. G. Leacn t 

J. P. Maaos 

J. F. McIntire 

L. MEYER 

C. A. Reep 

Joun VAN Brunt t 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Purpose and Scope, C. E. BRoNsON 

No. 2 on Combustion and Design, B. M. 
GUTHRIE 

No. 3 on Warm Air Furnaces, J. H. MANNY 

No. 4 on Steel Heating Boilers, W. B. Rus- 
SELL 

No. 5 on Cast Iron Boilers, J. F. McINTIRE 


SCHEME FOR IDENTIFICATION OF 
PIPING SYSTEMS (A13) 


* Joint sponsorship with the National 
Safety Council. Sectional Committee or- 
ganized June, 1922 


AS.M.E. Members (Total personnel, 30) 


ASHLEY S. SmMiru 

W. L. BUNKER FRANK THORNTON, JR. 
Crossy FIELD RoWLAND TOMPKINS 
L. MINER FRANK UMBEHOCKER 
L. Newcoms 


MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARD- 
IZATION OF PLUMBING 
EQUIPMENT (A40) 


* Joint sponsorship with The American 
Public Health Association. Nectional Com- 
mittee organized November, 1928 


A.S.M.E. Members (Total personnel, 41) 


C. B. Secretary 
J. F. Carney, Alternate 
J. J. Crorry 

A. M. Houser 

W.K. McAFEE 

A. H. More@an 

W. R. WEBSTER fF 


SUBCOM MITTEE CHAIRMEN 


Research Committee on Plumbing, F. M. 
DAWSON 

Temporary Editing Committee on Plumbing 
Code, G. N. THOMPSON 

No. on Minimum Requirements for 
Plumbing, ‘THEODORE IRVING COE 

No. 2 on Staple Vitreous China Plumbing 
Fixtures, H. R. VAN ScIver 


No. 3 on Staple Porcelain (All Clay) 
Plumbing Equipment, H. R. VAN 
ScIver 

No. 4 on Enameled Sanitary Ware, A. H. 


CLINE, JR. 

No. 5 on Traps (to be appointed) 

No. 6 on Brass Plumbing Products (to be 
appointed) 

No. 7 on Brass Fittings for Flared Copper 
Tubes, F. L. 
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No. 8 on Cast Iron Soil Pipe and Fittings 
(to be appointed) 

No. 9 on Gasoline, Oil and Grease Separa- 
tors (to be appointed) 

No. 11 on Soldered Fittings for Tubing, 
A. M. Houser 

No. 12 on Minimum Air Gaps in Plumbing 
Systems, W. K. McAFEE 

Subgroup on American Standard Plumbing 
Code, A. H. Morgan 


ROLLED THREADS FOR SCREW 
SHELLS OF ELECTRIC SOCKETS 
AND LAMP BASES (C44) 


* Joint sponsorship with the National Elec- 
trical Manufacturers Association. Nectional 
Committee organized June, 1929 


A.S.M.E. Members (Total personnel, 13) 


E. J. BRYANT 
EARLE BUCKINGHAM 
A. B. MoreGan, Alternate 


LETTER SYMBOLS AND ABBREVIA- 
TIONS FOR SCIENCE AND ENGI- 
NEERING (Z10) 


* Joint sponsorship with the American As- 
sociation for the Advancement of Science, 
American Institute of Electrical Engineers, 
American Society of Civil Engineers, and 
the Society for the Promotion of Engineer- 
ing Education. Sectional Committee origi- 
nally organized January, 1926. Reorganized 
October, 1935 


A.S.M.E. Members (Total personnel, 41) 


S. A. Moss, Vice-Chairman + 
S. R. Berrier, Alternate t+ 
K. H. Conpit 

L. C. Licnty 

E. PETERSON t 

+. A. STETSON 

FRANK THORNTON, JR. 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, H. M. TURNER 

Steering Committee, H. M. TURNER 

No. 1 on Letter Symbols and Signs for 
Mathematics, A. A. BENNETT 

No. 2 on Symbols for Hydraulics (to be 
appointed) 

No. 3 on Symbols for Mechanics, R. E. 
PETERSON 

No. 4 on Symbols for Structural Analysis, 
ALBERT HAERTLEIN 

No. 


on Symbols for Heat and Thermody- 
namics, S. A. Moss 
No. 6 on Symbols for Illuminating Engi- 


neering, A. E. PARKER 

No. 7 on Aeronautical Symbols, G. W. 
LewIs 

No. 8 on Symbols for Electrical Quantities, 
EpwarD BENNETT 

No. 9 on Symbols for Radio, H. M. TurNER 

No. 10 on Symbols for Physics, H. K. 
HvuGHes 

No. 11 on Abbreviations for Scientific and 
Engineering Terms, G. A. STETSON 

No. 12 on Symbols for Chemical Engineer- 
ing, J. H. Perry 


STANDARDS FOR DRAWINGS AND 
DRAFTING ROOM PRACTICE 
(Z14) 

* Joint sponsorship with the Society for the 


Promotion of Engineering Education. Sec- 
tional Committee organized September, 1926 
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A.S.M.E. Members (Total personnel, 42) 


L. W. Benoir 

P. Frear 

A. C. HARPER 

R. 

SAMUEL KetcHuM 
C. W. KeEUFFEL 
F. R. LANEY = 
H. B. LANGILLE 

H. M. 

MICHEL, Alternate 
F. W. Mine 

W. C. MUELLER 

FE. B. Nei 

J. W. OWENS 

F. C. PANUSKA 

Ep S. Smiru + 

ROWLAND TOMPKINS 


SUBCOM MITTEE CHAIRMEN 


Subcommittee on Revision, F. G. HigBee 

Subcommittee on Design and Dimensioning 
with Tolerances and Allowances for 
Interchangeable Manufacture, H. L. 
KELLER 


GRAPHIC PRESENTATION (Z15) 


* Sole sponsorship. Sectional Committee 
organized December, 1926 


A.S.M.E. Members (Total personnel, 31) 


G. E. Hagemann, Secretary 
C. M. BicELow 

WALLACE CLARK 

H. M. McCutty 

D. B. Porter t¢ 


SUBCOM MITTEE CHAIRMEN 


Preferred Practice for Time Series Charts, 
Fk. E. Croxton 

Engineering and Scientific Graphs, W. A. 
SHEWHART 


GRAPHICAL SYMBOLS AND ABBRE- 
VIATIONS FOR USE ON 
DRAWINGS (Z32) 


* Joint sponsorship with American Institute es 
of Electrical Engineers. Sectional Commit- 
tee organized June, 1936 


A.S.M.E. Members (Total personnel, 43) 


E. ASHLEY 

J. M. BARNES 
L. W. 
G. F. HaBacu 
D. T. HAMILTON 
W. J. Kunz t 
H. M. McCutiy 
W. C. MUELLER 
L. L. MuNIER 

F. C. PANUSKA f 
W. C. STEWART 
T. R. THomas 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical 
Engineering, W. J. Kunz 

No. 2 on Symbols for Use in Electrical En- 
gineering (to be appointed) 

No. 3 on Abbreviations for Use on Draw- 
ings, W. J. Kunz 
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DEVELOPMENT OF STATISTICAL AP- 
PLICATIONS IN ENGINEERING 
AND MANUFACTURING 


Joint sponsorship with the American Mathe- 
matical Society, American Society for 
Testing Materials, American Statistical As- 
sociation, and Institute of Mathematical 
Statistics. Appointed in December, 1929 


A.S.M.E. Members (Total personnel, 10) 


L. K. 
J. S. TAWRESEY t 


A. G. ASHCROFT 
W. H. FULWEILER 


SPECIAL STANDARDS COMMITTEE 
ON STEAM TURBINES 


K. M. Irwin, Chairman 
G. A. GAFFERT, Necretary 
R. C. ALLEN 

C. B. CAMPBELL 

A. G. CHRISTIE 

FE. H. Kriee 

A. L. PENNIMAN, JR. 

W. F. Ryan 

G. B. WARREN 


SPECIAL COMMITTEE ON STANDARD- 
IZATION OF THERBLIGS, PROCESS 
CHARTS, AND THEIR SYMBOLS 


D. B. Porter, Chairman 
G. M. VarGa, Secretary 
R. W. ALLEN 

M. BARNES 

C. H. Cox 

L. M. GILBRETH 

J.O. P. HUMMEL 

H. B. MayNarp 

J. A. PIACITELLI 


A.S.M.E. Representatives on 
Miscellaneous Standardization 
Committees 
See also A.N.M.E. Representatives on Other 
Activities, page RI-9 
ACOUSTICAL MEASUREMENTS AND 
TERMINOLOGY (Z24) 


* Sponsor body: Acoustical Society o 
America 


(To be appointed) 


AERONAUTICS (D9) 


* Sponsor body: Society of Automotive 
Engineers 


A. Sperry, JR. 


BUILDING CODE REQUIREMENTS 
FOR LIGHT AND VENTILA- 
TION (A53) 


* Sponsor bodies: Federal Housing Admin- 
istration, and U.S. Public Health Service 


F. R. SCHERER 
CAST IRON AT ELEVATED 
TEMPERATURES 


Subcommittee of American Society for Test- 
ing Materials Committee A-3 on Cast Iron 


D. B. RossHEIM 
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COAL AND COKE (D5) 


Committee of American Society for Test- 
ing Materials 


R. M. HarpGrove 


DEFINITIONS OF ELECTRICAL 
TERMS (C42) 


“Nponsor body: American Institute of 
Electrical Engineers 


F. O. ELLENWoop 


DRAINAGE OF COAL MINES (M6) 
* Sponsor body: American Mining Congress 


O. M. Pruirr 


ELECTRIC WELDING 
(C52) 


APPARATUS 


“ Sponsor body: American Welding Society 


R. FE. Kinkeap 


SPECIFICATIONS FOR FIRE TESTS 
OF BUILDING CONSTRUCTION 
AND MATERIALS (A2) 


“Sponsor bodies: ASA Fire Protection 
Group, National Bureau of Standards, and 
American Society for Testing Materials 


R. C. ParRLetr 


FOREST FIRE PROTECTION 


Committee of National Fire Protection 
Association 


C. B. WHITE 


JOINT CONFERENCE COMMITTEE ON 
PIPING CODES AND STANDARDS 


C. A. Kevtine, Chairman 
SABIN CROCKER 

V. M. Frost 

A. M. Houser 
ALFRED IDDLES 

J. R. Kruse 

F. HugH MoreHEAD 
D. B. RossHEIM 

J. E. StarK 

F. S. G. WILLIAMS 
J. H. ZINK 


LOADING PLATFORMS AT FREIGHT 
TERMINALS AND WAREHOUSES 
(E12) 


* Sponsor body: American Trucking 
Association, Inc. 


M. C. MAXWELL 


MANHOLE FRAMES AND COVERS 
A (35) 


* Sponsor hodies: ASA Telephone Group, 
and American Society of Civil Engineers 


ANTON HANSEN 


ASA MECHANICAL STANDARDS 
COMMITTEE 


ALFRED IppLEs, Chairman + 

A. L. BAKer, Alternate + 
KENNETH CARTWRIGHT, Alternate 
. L. CRAWSHAW 

. EK. ENNIs 

FE. W. ERNEST 

F. O. HOAGLAND 

L. 

M. E. Alternate 

F. Moreneap 

H. H. Morgan 

J. E. Srark, Alternate 

FRANK THORNTON, JR. 

H. L. Wuirremore, Alternate 


oR 


Executive Committee, 
ALFRED IppLEs, Chairman 
F. Moreneap, Vice-Chairman 
J. E. ENNIS 
F. O. HoaGLanp 
H. H. Morgan 


METHODS OF TESTING WOOD (04) 


* Sponsor bodies: -U.S. Forest Service, and 
American Society for Testing Materials 


C. M. Bigetow 


MISCELLANEOUS OUTSIDE COAL- 
HANDLING EQUIPMENT (M10) 


* Sponsor body: American Mining Congress 


RALPH SARGENT 


PETROLEUM PRODUCTS AND 
LUBRICANTS (Z11) 


* Sponsor body: American Society foi 
Testing Materials 


R. G. N. Evans 
S. J. 
(H. J. Masson, Alternate) 


PREFERRED NUMBERS (Z17) 
* Special Committee of ASA 


K. H. Conpir 


RATING OF RIVERS (A36) 


* Sponsor body: U.S. Geological Survey 


D. W. Meap 


ROTATING ELECTRICAL MACHINERY 
(C50) 


* Sponsor body: ANA Electrical Standards 
Committee 


C. D. WILson 


SPECIFICATIONS FOR CAST IRON 
PIPE AND SPECIAL CASTINGS 
(A21) 


“Sponsor bodies: American Gas Associa- 

tion, American Society for Testing Ma- 

terials, American Water Works Associa- 

tion, and the New England Water Works 
Association 


J. E. Gipson L. R. Howson 


Jem 
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SPECIFICATIONS FOR CLEAN 
BITUMINOUS COAL (M26) 


* Sponsor body: American Institute of Min- 
ing and Metallurgical Engineers 


R. A. SHERMAN 
L. LInpseTu, Alternate) 


SPECIFICATIONS FOR STEVES FOR 
TESTING PURPOSES (223) 
*Sponsor bodies: American Society for 


Testing Materials, and National Bureau of 
Standards 


R. M. HarpGrove 


AS.M.E. SOCIETY RECORDS, PART 1 


THERMAL INSULATING 


(C16) 


MATERIALS 
Committee of American Society for Testing 
Materials 
R. H. HemMan 
U.S. INTERDEPARTMENTAL COM- 
MITTEE ON SCREW THREADS 


Kk. J. BRYANT A. M. Houser 


RI-33 


VOLUME WATER HEATING 
Committee of American Gas Association 


Marc Resek 


WIRE ROPES FOR MINES (M11) 
* Sponsor body: American Mining Congress 


FE. S. WELLHOFER 


ASA STANDARDS COUNCIL 


ALFRED IDDLES t 

W.H. 
(C. B. LePage, Alternate t) 
(W. C. MuELLER, Alternate +) 
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POWER TEST CODES COMMITTEES 


ArTICLE B6A, Par. 27: The Standing Committee’ on Power Test Codes shall, under the 
direction of the Council, have supervision of all the activities of the Society in connection 
with the A.S.M.E. Power Test Codes, including the interpretation of such codes. 


The first Standing Committee on Power Test Codes was organized in December, 1918, to 
revise and extend the Power Test Codes which had been formulated by various technical 
committees appointed to develop particular codes. This work began in 1884. 


STANDING COMMITTEE 


A. G. Curistiz, Chairman (1946) 
W. A. Carter, Vice-Chairman (1947) 


Term expires 1946 


A. G. CHRISTIE W. W. JoHNSON 
PAUL DISERENS 2. B. POWELL 
N. R. Gipson 


Term erpires 1947 


W. A. CARTER R. B. Smitu 
W. L. H. DoyLe W. J. WoHLENBERG 
H. B. OATLEY 


Term expires 1948 


Louis ELLIoTT R. A. SHERMAN 
G. A. Orrok, JR. P. W. SwAIn 
ArviIp PETERSON 


Term expires 1949 


S. N. Frata T. E. 
A. E. GRUNERT E. B. Ricketts 
L. F. Moopy 


Term expires 1950 


THEODORE BAUMEISTER B. V. FE. NoRDBERG 
C. C. Franck M. C. Stuart 
P. H. Harpie 


(1) GENERAL INSTRUCTIONS 
Appointed December, 1918 
Reorganized September, 1939 


THEODORE BAUMEISTER, Chairman 
PAauL DISERENS 

HENRY KREISINGER 

R. H. SNYDER 

C. R. SopERBERG 

M. C. Stuart 


(2) DEFINITIONS AND VALUES 
Appointed December, 1918 
Reorganized June, 1936, November, 1945 


Louis Chairman 
C. S. CRAGoE 

A. E. GRUNERT 

L. S. Marks 

R. A. SHERMAN 

R. B. SMITH 


(3) FUELS 
Appointed December, 1918 
Reorganized April, 1944 


R. A. SHERMAN, Chairman 
O. F. CAMPBELL 
H. C. CARROLL 


T. D. DELBRIDGE 
F. G. Ety 

S. B. Fiace 

F. W. Kreator 
M. A. MAyers 
W. Nacovsky 
E. X. Scumipt 
W. A. SELVIG 

L. SHNIDMAN 


(4) STATIONARY STEAM-GENERAT- 
ING UNITS 


Appointed December, 1918 


E. R. Fisn, Chairman 
A. D. BAILEY 

M. W. BENJAMIN 
B. J. Cross 
MARTIN FrRiscu 
F. X. GILe 

P. H. Harpire 

R. M. HaArpGROVE 
E. L. LInpseru 
FE. L. MceDonaLp 
EF. B. Powe. 

R. SHELLENBERGER 


(5) RECIPROCATING STEAM 
ENGINES 


Appointed December, 1918 
Reorganized December, 1931 


A. G. Curistiz£, Chairman 
K. S. M. Davipson 
HENRIK GREGER 

J. A. HUNTER 

H. G. MveELLER 

B. V. E. NorpBerG 

A. V. SAHAROFF 

A. G. WITTING 


(6) STEAM TURBINES 
Appointed December, 1918 
Reorganized November, 1945 


W. E. Chairman 
PETER CHERDANTZEFF 

A. G. CHRISTIE 

C. C. FRaNcK 

V.M. Frost 

A. E. GRUNERT 

FRANCIS HopGKINSON 

P. H. KNow.tron 

T. E. 

C. A. ROBERTSON 


(7) RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS 


Appointed December, 1918 


R. D. Chairman 
E. H. Brown 

. E. Gipson 

. L. 

B. MACNEILLE 

. W. Meap 

. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY 
PUMPS 


Appointed December, 1918 
Reorganized March, 1986, November, 1945 


F. G. Swirzer, Chairman 
K. W. 

A. P. BrocKLEBANK 
B. K. Erposs 
ALADAR HOLLANDER 
Harry KNECHT 

L. F. Moopy 
WILLIAM PARDOE 
ARVID PETERSON 

H. L. Ross 

W. C. Rupp 
FRANKLIN THOMAS 
R. W. WatTSsOoN 


(9) DISPLACEMENT COMPRESSORS 
AND BLOWERS 


Appointed December, 1918 
Reorganized October, 1935 


PAUL DISERENS, Chairman 
G. T. 

C. R. Hovuguton 

J. F. HuvANE 

R. M. JoHNnson 

J. F. Downik 


(10) CENTRIFUGAL AND TURBO- 
COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized October, 1929 


Arvip Pererson, Chairman 
‘THEODORE BAU MEISTER 
C. A. Booru 

W. H. CARRIER 
THOMAS CHESTER 
A. H. Cuurcn 

E. D. CURLEY 

L. E. Day 

. Deutscn 

S. H. Downs 

B. K. Erposs 

P. E. 

J. J. Gros 

H. F. HaGen 

F. H. JENKINS 
R. M. JoHNSON 
W. E. JoHNSON 
H. D. 

W. W. LAWRENCE 
R. D. Mapison 
J. H. MARCHANT 
L. S. Marks 

A. M. G. Moopy 
R. B. Smitu 

M. C. Stuart 
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(11) FANS 


Appointed December, 1944 


M. C. Sruart, Chairman 
THEODORE BAU MEISTER 
C. A. Booru 

W. H. CARRIER 
THOMAS CHESTER 

Kk. D. CURLEY 

S. H. Downs 

B. K. Erposs 

J. J. Gros 

H. F. HAGEN 

H. JENKINS 

W. W. LAWRENCE 

R. D. MaApIson 

L. S. MARKS 


(12) CONDENSERS, WATER HEAT- 
ING, AND COOLING EQUIPMENT 


Appointed December, 1918 


P. H. Harpir, Chairman 
C. H. BAKER, JR. 

J. F. GRACE 

D. W. R. Morgan 

H. B. ReyNnoips 

P. Ik. ReyNoips 


(13) REFRIGERATING SYSTEMS 


Appointed December, 1918 
Reorganized May, 1939 


B. H. JENNINGS, Chairman t 
A. C. BUENSoD 

J. C. CONSLEY 

R. G. Ewer 

W. F. Jones t 

M. A. NELSON ¢ 

A.W. OAKLEY 

C. L. SvENSON 

FRANK ZUMBRO t 


(14) EVAPORATING APPARATUS 


Appointed December, 1918 


B. N. Bump 
Kk. A. NEWHALL ¢ 


L. PARR 

Rogers 

(15) STEAM LOCOMOTIVES 
Appointed December, 1918 


W. F. G. E. 
H. B. OatLey 


Roaps 
L. K. 


(16) GAS PRODUCERS 
Appointed December, 1918 


C.D. Smiri 
t Official A.S.M.E. representative serving 
on this committee. 
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(17) INTERNAL-COMBUSTION 
ENGINES 


Appointed December, 1918 
Reorganized May, 1928, March, 1939 


LEE SCHNEITTER, Chairman 
W. L. H. Doy_e, Secretary 
J. C. BARNABY 

G. C. Boyer 

Hl. FE. DeGLer 

L. B. JACKSON 

J. KATES 

C. MAGDEBURGER 

B. V. E. NorpBera 
RUSSELL PYLES 

M. J. Reep 

W. W. 

O. D. TREIBER 


(18) HYDRAULIC PRIME MOVERS 
Appointed December, 1918 
Reorganized October, 1931 


S. Logan Kerr, Chairman 
G. T. ABERNATHY 
C. M. ALLEN 

K. W. BEATTIE 

N. R. Gipson 
J.P. Growpon 

T. H. Hoae 

J. Hooper 
Hupparp 
D. J. McCorMack 
L. F. Moopy 

W. J. RHEINGANS 
G. R. Rien 

J. F. Roperts 

J. D. ScoviLie 

B. STROWGER 
R. V. Terry 

N.S. VAN PATTER 


(19) INSTRUMENTS AND APPARATUS 
Appointed December, 1918 


W. A. CARTER, Chairman 
C. M. ALLEN 

W. C. ANDRAE 
E. G. BAILEY 

H. S. BEAN 

L. J. Briges 

J. D. Davis 

K. J. De JUHASZ 
R. E. 

F. M. FARMER 
J. B. GRUMBEIN 
W. W. JoHNSON 
W. H. KENERSON 
E. S. Lee 

EF. L. Linpsetu 
A. Moss 

.J. 8. Pigorr 
). B. RicKetTtTs 
V. A. SLOAN 

B. Smiru 

. M. STEIN 
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(20) SPEED, TEMPERATURE AND 
PRESSURE RESPONSIVE 
GOVERNORS 


Appointed December, 1921 
Reorganized February, 1940 


RAYMOND SHEPPARD, Chairman 
C. L. AVERY 

W.L. H. 
HERBERT ESTRADA 
S. N. FIALa 

W. C. HoL_mMes 

P. G. IpsEN 

C. E. KENNEY 

S. Logan Kerr 

A. F. SCHWENDNER 
H. STEEN-JOHNSON 
M. J. STEINBERG 
H. E. STicKLe 


(21) DUST SEPARATING APPARATUS 
Appointed October, 1934 


M. D. ENG LE, Chairman 
OLLISON CRAIG, Necreiary 
A. D. BAILEY 

Hl. H. Burar 

W. G. Crristy 

H. O. Crorr 

J. M. DALLAV ALLE 

H. O. Danz 

H. C. DoHRMANN 

J. W. FEHNEL 

H. F. HAGen 

P. H. Harpie 

C. W. 

J. H. Leecnu 

H. E. MAacoMBER 

H. C. Murpny 

B. F. 


(22) GAS TURBINES 
Organized October, 1945 


J.J. Chairman 
ALAN Howarp 

W. J. KIne 

2. V. KLEINSCHMIDT 
T. J. Por 

J.T. RETTALIATA 

. Tom SAWYER 

. B. Smith 


SPECIAL SUBCOMMITTEE ON CO- 

ORDINATING CODES FOR PTC 

COMMITTEES NOS. 9, 10, 
AND 11 


Appointed April, 1944 


M. C. Stuart, Chairman 
THEODORE BAUMEISTER 
Pau. DISERENS 

J. J. Gros 

R. M. JoHNsoN 

R. D. Mapison 
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A.S.M.E. Representatives on Other Technical Committees 


See also A.S.M.E. Representatives on Other Activities, page RI-9 


COMMITTEE ON REDEFINING SO- 
CALLED STANDARD TON OF 
REFRIGERATION 


Sponsor body: American Society of 
Refrigerating Engineers 


G. B. Bricgut 


ARTICLE B6A, Par. 25: 


COMMITTEE ON GASEOUS FUELS 
(D-3) 


Sponsor body: American Society for 
Testing Materials 


X. 


COAL TESTING CODE COMMITTEE 


Joint sponsorship with the American 
Institute of Mining and 
Metallurigcal Engineers 


A. R. MuMrorp 


SAFETY COMMITTEES 


SPECIFICATIONS FOR PRIME MOVER 
SPEED GOVERNING 
Joint sponsorship with the American Insti- 
tute of Electrical Engineers 
A. F. SCHWENDNER 
RAYMOND SHEPPARD 
C. R. SopERBERG 


C. L. AVERY 
HERBERT ESTRADA 
C. KENNEY 


The Standing Committee on Safety shall advise the Council on 


the activities of the Society having to do with engineering and industrial safety, except the 
activities of the Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Safety was appointed in October, 1921. 


STANDING COMMITTEE 


H. W. Gapor, Chairman (1947) 

J. R. ConNELLY, Vice-Chairman (1948) 
R. GRANNIss (1946) 

R. B. RENNER (1949) 

J. J. ZEITNER (1950) 


SAFETY CODE FOR ELEVATORS (A17) 


* Joint sponsorship with The American 

Institute of Architects, and the National 

Bureau of Standards. Sectional Committee 
originally organized November, 1922 


Reorganized June, 1940 


A.S.M.E. Members (Total personnel, 35) 


S. 

O. P. CUMMINGS 

. R. CALLAWAY 
. W. DEGEN + 
D. L. Horsrooxk + 
BASSETT JONES 
M. B. McLavuTHLIN 
W.S. PaIne 
W. H. Seaquist, Alternate + 
S. F. VoorHEEs 
H. L. WHITTEMORE 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, D. J. Purrnton 
Emergency Elevator Rules, D. J. Purtnton 
Existing Elevators, D. J. PuRINTON 
Inspectors’ Manual, K. A. CoLAHAN 

Wire Rope, D. J. Purtnton 

Working, G. H. Reppert 


*Note: All of the safety committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 


SAFETY CODE FOR MECHANICAL 
POWER TRANSMISSION APPA- 
RATUS (B15) 

* Joint sponsorship with the International 
Association of Industrial Accident Boards 
and Commissions, and the National Conser- 
vation Bureau. Sectional Committee organ- 
ized February, 1921 


A.S.M.E. Members (Total personnel, 20) 


G. M. NayLor, Chairman + 
P. G. Ruoaps, Secretary 
D. C. Wrigut t 


SAFETY CODE ON COMPRESSED 
AIR MACHINERY AND EQUIP- 
MENT (B19) 


* Joint sponsorship with the American So- 

ciety of Safety Engineers—Engineering Sec- 

tion of National Safety Council. Sectional 
Committee organized May, 1923 


A.S.M.E. Members (Total personnel, 21) 


D. L. Royer, Chairman 
H. D. Epwarps 

W. J. GRAVES 

R. M. Jounson 


SAFETY CODE FOR CONVEYORS AND 
CONVEYING MACHINERY (B20) 


* Joint sponsorship with the National Con- 

servation Bureau. Sectional Committee 

originally organized November, 1925, reor- 
ganized April, 1937 


A.S.M.E. Members (Total personnel, 46) 


D. L. Royer, Chairman 
N. W. Ever, Alternate 
W. J. GRAVES 

W. G. Hupson 

M. A. KENDALL t 
WILLIAM MOELLER 

P. T. ONDERDONK 

C. G. PFEIFFER 

R. B. RENNER 

F. J. SHeparp, Jr. 

J. G. WHEATLEY 


SUBCOM MITTEE CHAIRMEN 


~ 


on All Types of Chain Conveyors, 
Belt Conveyors, Belt Elevators In- 
cluding Steel Belt, and Screw, Track 
or Scraper Conveyors, C. G. PFEIFFER 
on Gravity Conveyors and Chutes. 
Live Roll Conveyors, H. G. DALTon 
3 on Cable-Operated and Cable Flight 
Conveyors and Cableways, R. Mca. 
KEOWN 

on Air, Steam, or Liquid Conveyors, 
J. J. McNULTA 

on Tiering, Piling, and Stacking Con- 
veyors, J. G. WHEATLEY 
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SAFETY CODE FOR CRANES, DER- 
RICKS AND HOISTS (B30) 


* Joint sponsorship with U.S. Navy Depart- 
ment, Bureau of Yards and Docks. Sectional 
Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 45) 


J.C. Wueat, Chairman 
Lewis PRICE t 

F. H. ScHWERIN 

R. H. 

H. L. WHITTEMORE 


SUBCOM MITTEE CHAIRMAN 
Executive Committee, J. C. WHEAT 


aaa 
No. 
No. 


A.S.M.E. Representatives on Other Safety Committees 


AS.M.E. SOCIETY RECORDS, PART 1 


See also A.S.M.E. Representatives on Other Activities, page RI-9 


SAFETY CODE FOR ABRASIVE 
WHEELS (B7) 
“Sponsor bodies: Grinding Wheel Manu- 
facturers Association of United States and 


Canada, and International Association of In- 
dustrial Accident Boards and Commissions 


J. W. STREE! 
SAFETY CODE FOR CONSTRUCTION 
WORK (A10) 


* Sponsor bodies: The American Institute 
of Architects, and National Safety Council 


(To be appointed) 


CO-OPERATION WITH OTHER 
NEERING SOCIETIES 


ENGI- 


Committee of American Nociety of Safety 
Engineers—Engineering Section of National 
Safety Council 


H. L. MINer 


ASA SAFETY CODE CORRELATING 
COMMITTEE 


H. W. Gapor J.J. Zervner, Alternate 


SAFETY CODE FOR EXHAUST 
SYSTEMS (Z9) 


*Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


(To be appointed) 


SAFETY CODE FOR FLOOR AND 
WALL OPENINGS, RAILINGS 
AND TOE BOARDS (A112) 


“Sponsor body: National Safety Council 


A. FE. 


SAFETY CODE FOR FORGING AND 
HOT METAL STAMPING (B24) 


“Sponsor bodies: American Drop Forging 
Institute, and National Safety Council 


(To be appointed) 


SAFETY CODE FOR LADDERS (A14) 
“Sponsor body: American Society of Safety 


Engineers—Engineering Section of National 
Safety Council 


H. C. Houguton 


SAFETY CODE FOR LAUNDRY 
MACHINERY AND OPERA- 
TION (Z8) 


“Sponsor bodies: American Institute of 
Laundering, International Association of 
Governmental Labor Officials, and National 
Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FAC- 
TORIES, MILLS, AND OTHER 
WORK PLACES (A11) 


* 


Nponsor body: Illuminating Engineering 


Nociety 


A. W. Luce 


LOW VOLTAGE ELECTRICAL 
HAZARDS 
Special Committee of the American Society 


of Safety Engineers—Engineering Section 
of National Safety Council 


(To be appointed) 


SAFETY CODE FOR MECHANICAL 
REFRIGERATION (B9) 
* Sponsor body: American Society of 
Refrigerating Engineers 
O. A. ANDERSON 
E. W. GALLENKAMP 
W. F. Jones 
A. W. OAKLEY, Alternate 


PANEL OF CONSULTANTS TO ADVISE 
THE MERCHANT MARINE COUNCIL 
AT U.S. COAST GUARD HEADQUAR- 

TERS, WASHINGTON, D.C. 


D. S. Jacopus 


SAFETY CODE FOR PAPER AND 
PULP MILLS (P1) 


* Sponsor body: National Safety Council 


R. L. WELpon 


SAFETY CODE FOR POWER PRESSES 
AND FOOT AND HAND 
PRESSES (B11) 


* Sponsor body: National Safety Council 


(To be appointed) 


SAFETY CODE FOR PREVENTION OF 
DUST EXPLOSIONS (Z12) 


* Sponsor bodies: National Fire Protection 
Association, and U.S. Department of Agri- 
culture 

R. M. Ferry 
W.S. Rearick, Alternate 


SAFETY CODE FOR PROTECTION OF 
HEADS, EYES, AND RESPIRATORY 
ORGANS OF INDUSTRIAL 
WORKERS (Z2) 


* Sponsor body: National Bureau of 
Standards 


T. A. WALSH, JR. 
T. F. Hatcn, Alternate 


SAFETY CODE FOR PROTECTION OF 
INDUSTRIAL WORKERS IN 
FOUNDRIES (B8) 


H. M. LANE 
SAFETY IN QUARRY OPERATIONS 
(M28) 
* Sponsor body: National Safety Council 
REDFIELD PRocTOR 
SAFETY CODE FOR RUBBER 
MACHINERY (B28) 


* Sponsor bodies: International Association 
of Industrial Accident Boards and Commis- 
sions and National Safety Couneil 


E. S. AULT 


SPECIFICATIONS AND METHOD OF 
TEST FOR SAFETY GLASS (Z26) 


* Sponsor bodies: National Bureau of 
Ntandards and National Conservation 
Bureau 


T. A. WaALsH, JR. 


SAFETY CODE FOR TEXTILES (L1) 
* Sponsor body: National Safety Couneil 
M. A. Gorrick, JR. 

SAFETY CODE FOR VENTILATION 
(Z5) 

* Sponsor body: American Society of Heat- 
ing and Ventilating Engineers 


(To be appointed) 


SAFETY CODE FOR WALKWAY 
SURFACES (A22) 


* Sponsor bodies: The American Institute 

of Architects, and American NSociety of 

Safety Engineers—Engineering Section of 
National Safety Council 


G. K. PALsGRovE 


SAFETY CODE FOR WORK IN 
COMPRESSED AIR (Z28) 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
Missions 


L. J. ErBsen 


SPONSORING COMMITTEE FOR THE 
CENTER FOR SAFETY 
EDUCATION 


(Joint activity of New York University 
and National Conservation Bureau) 


Sponsor body: Association of Casualty 
and Surety Executives 


E. R. GRANNISS 
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BOILER CODE COMMITTEES 


ArTICLE B6A, Par. 26: The Special Committee on Boiler Code shall, under the direction 
of the Council, have supervision of all the activities of the Society in connection with the 
A.S.M.E. Codes for Pressure Vessels, including the interpretations of these codes. 


The first Special Committee on Boiler Code was organized in September, 1911. 


MAIN COMMITTEE 


H. B. Oatiey, Chairman 
H. E. Atpricu, Vice-Chairman 
D. S. Jacopus, Honorary Chairman 
C, A. ADAMS 

T. B. ALLARDICE 

H. C. BoarpMAN 

P. R. Cassipy 

R. E. Crecin 

Ay 

V.M. Frost 

W. P. Geruart 

W. D. HALsey 

W. F. Hess 

T. McL. JASPER 

C. O. 

C. W. OBERT 

JAMES PARTINGTON 

1). B. RossHEIM 

D. L. Rover 

WALTER SAMANS 

J. W. TURNER 

S. K. VARNES 

A. C. WEIGEL 

F.S. G. WILLIAMS 


J. W. Secretary 
M. Jurist, Assistant Secretary 


Honorary Members 


W. H. 

W. F. Duranp 

E. R. Fisu 

C. E. Gorton 

A. M. GREENE, JR. 
W. G. Humptron 


C. L. Huston 

W. F. Kieset, Jr. 
J. O. LEecu 

M. F. Moore 

I. E. Mouttrop 

H. LeRoy WHITNEY 


CONFERENCE COMMITTEE 


. H. Acaton, California 

R. Arcner, Delaware 

. L. Buatr, Arkansas 

M. Book, Pennsylvania 

. C. BozeMAN, Knoxville, Tenn. 
N. BriaeGs, Toronto, Can. 

M. Britarn, Seattle, Wash. 

. S. Brunson, Minnesota 
CaRLTON, Texas 

. J. CLay, Memphis, Tenn. 

. J. Copy, Kansas City, Mo. 

. L. Cotsy, Louisiana 

LIFF CUMMINGS, Tulsa, Okla. 

R. H. DALRYMPLE, Utah 

G. W. DEAN, Michigan 

M. A. Epear, Wisconsin 

W. H. Furman, New York 
GERALD GEARON, Chicago, III. 
MatTTHew Grsson, Maryland 

J. J. Gray, Nova Scotia, Can. 

C. W. Harness, Iowa 

S. E. Hepges, Canal Zone 

R. C. Jovuentn, Tampa, Fla. 

D. H. KAHLow, Washington 

H. K. Kuget, District of Columbia 
J. E. Leppy, New Orleans, La. 

E. C. Luster, Miami, Fla. 

C. E. McGinnis, Los Angeles, Calif. 
C. 

W. 


Q 


O. MANN, Indiana 
WV. H. MAayuew, Saskatchewan, Can. 
D. P. Nebraska 
H. H. Mitts, Detroit, Mich. 
J. A. Murpock, Massachusetts 


R. M. Murray, Rhode Island 

W. L. Newton, Oklahoma 

L. C. PEAL, Nashville, Tenn. 

A. C. RASMUSSEN, Omaha, Neb. 
THEO. REYNOLDS, Quebec, Can. 
CHARLES SATTLER, West Virginia 
I. K. Sawyer, Maine 

J. F. Scorr, New Jersey 

Rost. Scorr, Alberta, Can. 

F. H. Snurorp, North Carolina 
F. W. Smirnu, Oregon 

Wa. E. Smiru, Hawaiian Islands 
R. A. Stewart, Manitoba, Can. 
M. A. True, St. Louis, Mo. 

FE. W. WaGner, Ohio 


EXECUTIVE COMMITTEE 


D. S. Jacosus, Chairman 

H. E. Aupricu, Vice-Chairman 
H. C. BOARDMAN 

A, J. ELY 

V. M. Frost 

H. B. OatLey 

C. W. Opert 

JAMES PARTINGTON 


SUBCOMMITTEES 
BorLers oF LOCOMOTIVES 


JAMES PARTINGTON, Chairman 
J. M. HAL. 

H. G. MILLER 

H. B. OaTLEY 


CARE OF STEAM BOILERS AND OTHER 
PRESSURE VESSELS IN SERVICE 
F. M. Grpson, Chairman 
D. C. CARMICHAEL 
V. M. Frost 
J. R. 
FRANK HENrRY 
J. A. HUNTER 
Ht. J. Kerr 
P. B. Piace 
S. T. Powe. 
C. W. Rice 
J. B. Romer 
W. C. SCHROEDER 
F. G. STRAUB 


CopE SyMBOL STAMPS 


C. O. Myers, Chairman 
H. E. Avpricu 
W. D. HALsey 


CO-ORDINATION 
V. M. Frost, Chairman 
W. D. HALsry 
H. B. OATLEY 
C. W. OBERT 


Ferrous MATERIALS 


E. C. CHAPMAN, Chairman 
J. G. ALTHOUSE 

A. B. BAGSAR 

L. D. BURRITT 

C. L. CLARK 

H. J. FRENCH 

M. B. Hicerns 

A. HuRTGEN 


T. MclL. JAspPer 
J. J. KANTER 
H. J. Kerr 

A. B. KINnzeEL 
V.T. MALCOLM 
R. F. MILier 
N. L. Mocuen 
M. S. Norruur 
E. L. Rosprnson 
D. B. Rossnem 
A. P. Spooner 
S. K. VARNES 
A. Wurre 


Heating BorLers 


J. W. Turner, Chairman 
C. FE. Bronson 

T. D. CASSERLY 

J. A. Darts 

Wa. FERGUSON 

L. N. HUNTER 


MATERIAL SPECIFICATIONS 


P. R. Cassipy, Chairman 
H. Davipson 

W. P. GERHART 

P. J. SMitTH 

T. G. 

A. C. WEIGEL 


MINIATURE BorLers 


J. W. Turner, Chairman 
Wa. FERGUSON 

W. H. FurRMAN 

I. W. MEaArs 

J. G. WHEATLEY 


NONFERROUS MATERIALS 


H. B. Oatiey, Chairman 
W. F. BurcHFIELD 

Hf. L. BurGHOFF 

F. W. Davis 

J. R. FREEMAN, JR. 

W. P. KLIMENT 

N. L. Mocuer 

R. L. TEMPLIN 


Power Boers 


H. E. Avtpricn, Chairman 
T. B. ALLARDICE 

P. R. Cassipy 

V.M. Frost 

W. D. HALSsEY 

D. L. Rover 

A. C. WEIGEL 

E. J. WISEMAN 


RULES FOR INSPECTION 


D. L. Royer, Chairman 
T. B. ALLARDICE 

W. H. FurMAN 

E. B. Van SAntT 
JUSTAVE WELTER 


SPECIAL DESIGN 


D. B. Wesstrom, Chairman 
H. C. BoaRDMAN 

R. E. 

T. W. GREENE 

E. C. Korten 
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F. L. PLUMMER SPECIAL COMMITTEES PROCEDURE 

4 APPROVAL OF New MATERIALS H. Atpricn, Chairman 
S. G. WILLIAM C. A. Chairman RADIOGRAPHIC EXAMINATION OF WELDED 

UNFIRED PRESSURE VESSELS Bo.ttep FLANGED CONNECTIONS 

WaLrer SAMANS, Chairman F. G. Wittrams, Chairman , Chairman 
If. C. BOARDMAN 
R. E. Ceci. © Crap VESSELS Revision oF Section VIII or tHe A.S.M.E. 

DISERENS 301LER CODE 
A. E. R. Fisu, Chairman 
j . HALSEY 
Disuep Heaps 
SAFETY VALVE REQUIREMENTS 
D. B. Rossier H. C. BoarpMaNn, Chairman REQUIREMENTS 
D. B. WessTRoM H. B. OatLey, Chairman 
FAILURE OF SpHerIcAL HypRoGeN 
WELDING Sroracge TANK 


STEEL FLANGES For Low PRESSURES 
Members of AS.M.E. Boiler Code F. L. Newcoms, Chairman AND Low TEMPERATURES 

: (To be appointed) 
James Partineron, Chairman FEEDWATER 


W. B. BUNN C. W. Rice, Chairman 
0. R. CARPENTER API-ASME COMMITTEE ON UNFIRED 
Ii. C. CHAPMAN JACKETED VESSELS PRESSURE VESSELS 
W. D. HaLsey WALTER SAMANS, Chairman WaLtTerR SAMANS, Chairman 
LAYER VESSELS A.S.M.E. Representatives 
H. C. BoaroMan. Cheirmen H. C. BoArpMAN r. McL. JASPER 
Members of Conference Committee of R. E. CECIL JAMES PARTINGTON 
American Welding Society Low TEMPERATURE VESSELS D. 8. Jacosus 
hairman C. W. Obert, Chairman A.P.I. Representatives 
If. C. BOARDMAN OPENINGS AND REINFORCEMENTS A. J. Evy WaALtTer SAMANS 
WALTER SAMANS : M. B. Hicerns T. D. Trret 
A. C. WEIGEL G. WILLIAMS, Chairman K. V. Krxe 


PLATE SPECIFICATIONS FOR BOILERS AND 
UNFIRED PRESSURE VESSELS 


P. R. Cassipy, Chairman 


THE WOMAN'S AUXILIARY TO THE A.S.M.E. 


The Woman’s Auxiliary to the A.S.M.F. was organized on May 10, 1923, and its Constitu- 
tion and By-Laws was approved by the Council of the A.S.M.E. on October 27, 1924. The 
objects of the Auxiliary are to render service to all that pertains to the interest of the 
profession of mechanical engineering; to co-operate with any committees of the A.S.M.E.; 
to assist the sons and daughters of the members of the Society or worthy students of 
mechanical engineering in obtaining scholarships; and to promote any other objects con- 
sistent with the aims or objects of the A.S.M.E. 


NATIONAL OFFICERS OFFICERS OF LOCAL SECTIONS 


President, Mrs. J. Nopie LANDIS CLEVELAND 
First Vice-President, Mrs. Justin J. McCartuy ae = 
Second Vice-President, Mrs. Eart B. SMitit Chairman, Mrs. D. K. Writ 
Third Vice-President, Mrs. D. K. Wricur 


Fourth Vice-President, Mrs. P. M. Krxe Los ANGELES 

Fifth Vice-President, Mrs. F. M. FARMER Chairman, Mrs. RayMonp G. RosHone 
Recording Secretary, Mrs. RANDALL B. Purpy 
Corresponding Secretary, Mrs. L. W. BENNETT METROPOLITAN 


First Vice-Chairman, Mrs. G. J. NICASTRO 
STANDING COMMITTEE CHAIRMEN Second Vice-Chairman, Mrs. C. Hiesre Youne 
Third Vice-Chairman, Mrs. A. R. CULLIMORE 
Recording Secretary, Mrs. W. L. ILirF 
Corresponding Secretary, Mrs. C. F. Kayan 
Treasurer, Mrs. A. W. ANDERSON 


Courtesy, Mrs. Crospy 
Student Loan, Mrs. F. M. Gipson 
Membership, Mrs. G. E. HAGEMANN 

Publicity, Mrs. C. H. Kent 

Sections, Mrs. G. W. Farny 

Custodian, Mrs. WaLpo M. McKee PHILADELPHIA 


Chairman, Mrs. F. W. MILter 
COUNCIL REPRESENTATIVES 


Rosert M. Gates 
ALEX D. BAILEY 
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AWARDS 


The following paragraphs deal with the medals, awards, scholar- 
ships, and loan funds which come within the jurisdiction of the 
A.S.M.E. Other awards available to Student Members are listed 
in Mechanical Engineering, February, 1938, page 183. The Society 
also participates with other engineering societies in a number of 
joint awards. Further details concerning all the awards may be 
obtained from the headquarters of the Society. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of the Council unde) 
the provisions of the By-Laws and Rules. A list of honorary mem- 
bers is given on page RI-43. 


Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 


A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 


Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of 
genius of engineering nature that has accomplished a great and 
timely public benefit. 


Worcester Reed Warner Medal, established in 1930, provision 
for which was made in the will of Worcester Reed Warner, Hon- 
orary Member of the Society, is a gold medal to be bestowed, 
together with an engraved certificate, for an outstanding contribu- 
tion to permanent engineering literature. 


Melville Prize Medal for Original Work, established in 1914 by 
the bequest of Rear-Admiral George W. Melville, Honorary Mem- 
ber and Past-President of the Society, to be presented, together 
with an engraved certificate, for an original paper or thesis of 
exceptional merit, presented to the Society by a member for dis- 
cussion and publication during the calendar year previous to the 
year of award, to encourage excellence in papers. Only papers of 
single authorship are eligible. The medal may be presented 
annually. 


Spirit of St. Louis Medal, established by an endowment fund 
created in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of its 
Board of Honors and Awards. 


Spirit of St. Louis Junior Award, established in 1938 by an 
endowment fund created by the General Committee for the 1935 
Aeronautic Meeting in St. Louis; a cash award of $50 and certifi- 
cate made every three years, for the best paper on an aeronautic 
subject presented at any A.S.M.E. meeting during the three-year 
period either personally by the author (a Junior Member of the 
Society under thirty years of age) or by a Junior Member desig- 
nated by him, and submitted to the Board of Honors and Awards 
within a reasonable period (to be determined by the Committee) 
after its initial presentation. 


Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented annually, together with an engraved 
certificate, to a young mechanical engineer for outstanding achieve- 
ment in his profession within the ten years after graduation from 
a regular four-year mechanical engineering course of a recognized 
American college or university. Any mechanical engineering 
graduate, not more than thirty-five years of age, whose achieve- 
ment has been all or in part in any field including industrial, edu- 
cational, political, research, civic, etc., is eligible. 


Junior Award, annual cash award of $50, established in 1914, 
from a fund created by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted during the calendar year pre- 
vious to the year of award by a Junior Member not more than 
thirty years of age. Papers of joint authorship are eligible. 


Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student Member of the Society, for the best paper within 


the general subject of the influence of the profession upon public 
life. The exact subject is assigned by the Board of Honors and 
Awards, subject to the approval of the Council, and is announced 
each year through the Honorary Chairmen of the Student 
Branches. 


Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President 
of the Society, to be presented, together with engraved certificates, 
for the best papers or theses submitted by Student Members. The 
awards for 1932 and subsequent years have been given, one for 
undergraduate and the other for postgraduate work. 


SCHOLARSHIPS AND LOAN FUNDS 


Max Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman’s Auriliary: Educational Loan Fund offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. Calvin W 
Rice Memorial Scholarship Fund for students in mechanical engi 
neering from South America. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presenta 
tion, and the services or papers for which the awards were made 
There were no awards for the years not listed. 


A.S.M.E. Mrepau 


1921 HJALMAR GoTrFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm_ high 
explosive shells, but also used extensively in gas shells and 
bombs 

1922. FrepertcK Artuur HAtsey, for his paper describing th: 
premium system of wage payments presented before th: 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 

1923. JoHN RipLeyY FREEMAN, for his eminent service in engi- 
neering and manufacturing by his meritorious work in fir 
prevention and the preservation of property 

1926 R. A. MILLIKAN, in recognition of his contributions to 
science and engineering 

1927 Wutrrep Lewis, for his contributions to the design and con 
struction of gear teeth 

1928 JULIAN KENNEDY, for his services and contributions to th: 
iron and steel industry 

1929 Witt1AM LeRoy Emmet, for his contributions in the de- 
velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 

1931 ALBERT for his research and development work 
in the field of lubrication 

1933 AMBROSE SwasEy, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 

1934 Wuttis H. Carrier, in recognition of his research and de- 
velopment work in air-conditioning 

1935 CHARLES T. MAIN, for distinguished achievements in th: 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 

1936 Epwarp Bauscu, for meritorious mechanical developments 
in the field of optics 

1937 Epwarp P. BULLARD, for outstanding leadership in the de- 
velopment of station-type machine tools 

1938 StepHen J. Picorr, for outstanding leadership in marine 
propulsion and construction 

1939 JAMES E. GLEASON, for service to the cause of safer ani 
better transportation 

1940 CHaArLes F. Kertrerine, for outstanding inventions and 
research 
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THeEopor VON KArMAN, for his brilliance as a teacher, his 
researches in elasticity and many fields of physics and me- 
chanics, and his distinguished leadership in the fields of 
aerodynamics and aircraft design 

E. G. BarLey, for achievement and leadership in steam and 
combustion engineering , 

Lewis K. pre-eminent learned technologist 
of wisdom—inspirer of men 

Epwarp G. Bupp, for the development of 
railway passenger cars 

Witi1am F. Duranp, world renowned authority in hydro- 
dynamie and aerodynamic science and its practical applica- 
tion; great teacher with an inspiring character and a unique 
capacity for lucidity and simplicity in imparting highly 
technical material; trusted adviser to Government in the 
solution of many intricate scientific problems in peace and 
during two world wars 


lover 


stainless-steel 


MEDAL 


H.aALMAR GOTFRIED CARLSON, for his inventions and proc- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing vietory in World War I (diploma in recognition of 
achievements presented in 1921) 
Eimer AMBROSE Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 
Baron CuuzaApuro Supa, for his contributions to knowl- 
edge through fundamental research, including the field of 
aerodynamics, by the development of ultra-rapid kinemato- 
graphic methods 
InvinG LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission. atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 
Henry Forp, for revolutionary influence through invention 
and practice on transportation and on production 
methods in manufacturing 
FREDERICK G. CoTTRELL, for pre-eminent public service—the 
invention of electric precipitation—advancement of the sei- 
ence of gas liquefaction—gifts for engineering research 
FraANcIS HopGKINson, for meritorious services in the devel- 
opment of the steam turbine 

). JOHANSSON, in recognition of his pioneer work in 


mass 


Cari E. 
the development of basic measuring gages 

Epwin Howarp ArRMstRONG, for his leadership in the field 
of radio communication 

Joun C. GARAND, for the invention and development of the 
semi-automatic rifle, which has been adopted by the U.S. 
Army as the U.S. Rifle, Caliber .30, M1, an outstanding 
contribution to our national defense 

Ernest O. LAWRENCE, for originating the cyclotron, a unique 
invention for producing high-speed electrified particles, and 
for adapting it to research in physics, chemistry, medicine, 
and the properties of engineering materials 

VANNEVAR Bush, for machines used in easing applied mathe- 
matics from computational barriers 

Cart L. Norven, for the invention and development of the 
Norden bombsight and other valuable devices which should 
hasten the peace 

Sanrorp A. Moss, for his many contributions over a long 
period of years to the development of centrifugal com- 
pressors, particularly as related to the highly successful 
application of turbosuperchargers to internal-combustion 
engines in the field of aeronautics 


Worcester REED WARNER MEDAL 


Dexter S. KimBa.t, for his contributions to efficiency in 
management as exemplified by his recently revised “Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 

E. FLanpers, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many 
papers which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastic structures and the treatment of 
dynamics of moving machinery 
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Cartes M. for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLARENCE F. HirRsHFELD, for his research and contributions 
to the theory and practice of heat-power engineering as 
exemplified by books and papers 

Lawrorp H. Fry, for contributions relating to improved 
locomotive boiler design and utilization of better materials 
in railway equipment 

Rupen EKSERGIAN, for influential papers of permanent value 
in A.S.M.E. Transactions 

WILLIAM BENJAMIN Grecory, for distinguished work in 
hydraulie engineering, which has been the basis for many 
engineering papers 

RicHarpD VYNNE SouTHWELL, for his many distingnished 
services to engineering and science through papers and pub- 
liecations in many fields, including aeronautics, theory of 
structures, elasticity, and hydrodynamics 

Frep H. Corvin, for his contributions to both technical ad- 
vancement and improvement in management in the metal- 
working industries, as influenced by more than fifty years 
of articles and books—particularly American Machinists’ 
Handbook 

Icor I. Srxorsky, for contributions inspiring creative engi- 
neering, especially in aeronautics 

EARLE BUCKINGHAM, for original contributions to engineer- 
ing literature 

JosepH M. JurRAN, for his outstanding contributions to the 
problem of quality control] in mass production and _ his 
splendid records of such work as are contained in his books 
“Bureaucracy, A Challenge to Better Management” and 
“Management of Inspection and Quality Control” 


MELVILLE Pr1IzE MEDAL FOR ORIGINAL WorK 


Leon P. Atrorp, “Laws of Manufacturing Management” 
JosePH W. Ror, “Principles of Jig and Fixture Practice” 
HERMAN DreperIcHs and D. Pomeroy, “The Oc- 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

Artruur E. Grunert, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing” 

ALEXEY J. STepAnorr, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

WituiaM E. “Characteristics of Large Hell Gate 
Direct-Fire Boiler Units” 

Oscar R. WIKANDER, “Draft-Gear Action in Long Trains” 
H. A. Stevens Howartnu, “The Loading and Friction of 
Thrust and Journal Bearings With Perfect Lubrication” 
Atrrep J. Bitcnt, “Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines” 
ALPHONSE I. Lipetz, “Air Resistance of Railrod Equip- 
ment” 

Lester M. GotpsmitH, “High-Pressure High-Temperature 
Turbine-Electric Steamship J. W. Van Dyke” 

Cart A. W. Branot, “The Locomotive Boiler” 

Rocer V. Terry, “Development of the Automatic Adjustable- 
Blade-Type Propeller Turbine” 

J. KENNETH Satispury, “The Steam-Turbine Regenerative 
Cycle—An Analytical Approach” 

Ernest L. Ropinson, “Bursting Tests of Steam-Turbine 
Disk Wheels” 

WituiaM J. Kine, “The Unwritten Laws of Engineering” 


Spirit or Sarnt Louis MepDAL 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pau LitcHFIeELD, for his work in encouraging arid sponsor- 
ing airship design and construction in this country 

WILL Rocers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up 
of publie confidence in aviation through his articles in the 
press, over the radio, and from the speaker’s platform 
JAMES H. Doo.itt._e, for meritorious service in the advance- 
ment of aeronautics 

Joun E. Youncer, for notable contributions to the science 
of airplane design, particularly in the conception, analysis, 
and supervision of the development of the fundamental 
design principles, requirements, and criteria which first as- 
sured the success of the pressure-cabin type of high-altitude 
airplane 
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Grorce W. Lewis, for leadership in direction and encourage- 
ment of aeronautical research, having an extensive influence 
on aeronautical engineering during the past quarter century 


Spirit or Sarnt Louis JuNrioR AWARD 


Wiper W. Reaser, “Calculation of the Heat Loss From an 
Airplane Cabin” 

MartTIN GoLanp, “The Influence of the Shape and Rigidity 
of an Elastic Inclusion on the Transverse Flexure of Thin 
Plates” 


Pr Tau Sigma Mepau 


Witrrip E. Jonnson, for his development work in the field 
of refrigeration 

JOHN I. YELLOTT, JR., in recognition of significant achieve- 
ments in steam-flow research and engineering education; also 
contributions on “Supersaturated Steam” and “Condensation 
of Flowing Steam in Diverging Nozzles” 

GrorceE A. HAWKINS, for significant achievements in high- 
pressure steam research and engineering education 

R. HosMerR Norris, for outstanding achievement in me- 
chanical engineering, particularly in the heat-transfer field 
Joun T. ReETTALIATA, for outstanding achievement in me- 
chanical engineering 


JUNIOR AWARD 


Ernest O. Hickstern, “Flow of Air Through Thin Plate 
Orifices” 

L. M. McMiian, “The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WHALEN, “Properties of Airplane Fabrics” 

S. Logan Kerr, “Moody Ejector Turbine” 

R. H. Herman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures up to 800 Degrees 
Fahrenheit” 

F. L. KALiam, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. S. Sanrorp and Sasrn Crocker, “The Elasticity of Pipe 
Bends” 

R. H. Herman, “Heat Losses Through Insulating Material” 
GILBert S. SCHALLER, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

WILLIAM M. FRAME, “Stresses Occurring in the Walls of an 
Elliptical Tank Subjected to Low Internal Pressure” 

M. D. AIsenstEIn, “A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 

ArtTHUR M. WAHL, “Stresses in Heavy, Closely Coiled 
Helical Springs” 

Ep Srnciarrk “Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments” 
Epmonp M. Waener, “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder” 
TOWNSEND TINKER, “Surface Condenser Design and Operat- 
ing Characteristics” 

JouHN I. YeELLotT, Jr., “Supersaturated Steam” 

STANLEY J. MrxKina, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery” 

Harwoop F. MULLIKAN, JR., “Evaluation of Effective Ra- 
diant Heating Surface and Application of the Stefan-Boltz- 
man Law to Heat Absorption in Boiler Furnaces” 

J. Hooper, “American Hydraulic-Laboratory Prac- 
tice” 

ARTHUR C. STERN, “Separation and Emission of Cinders and 
Fly Ash” 

Rosert E. Newton, “A Photoelastic Study of Stresses in 
Rotary Disks” 

JOHN T. ReTTaLiata, “The Combustion Gas Turbine” 
Winston M. Duprey, “Analysis of Longitudinal Motions in 
Trains of Several Cars” 

TROELS WARMING, “Power Pulsation Between Synchronous 
Generators” 

Bruce E. Det Mar, “Presentation of Centrifugal-Com- 
pressor Performance in Terms of Nondimensional Relation- 
ships” 


CHARLES T. Main AWARD 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “The Influence of the Locomotive on the Unity of 
the United States” 
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1916 


1917 


1919 


1920 


1921 


1923 


W. C. Saytor, Johns Hopkins University. Subject: “The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No Award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Rosert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientifie Management and Its Effect Upon Manu- 
facturing” 

No Award. Subject: 
Farm Production” 
JULES Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the Industries” 
Ropert Kuise, University of Michigan. Subject: “Inter- 
changeability—Its Development and Significance in Indus- 
try” 

ANbERSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
Grorce D. WILKINSON, JR., Newark College of Engineering. 
Subject: “Progress in the Prevention of Smoke and Atmos- 
pheric Pollution” 

Puitie P. Serr, Colorado State College. Subject: “Air Con- 
ditioning—Its Practicability and Relation to Public Wel- 


“The Influence of Engineering on 


Subject: 


G. WitiiaMs, Lafayette College. Subjeet: “Co- 
ordinated Transportation—An Economie Comparison ot 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 

No Award. Subject: “Developments in the Generation anil 
Distribution of Power and Their Effect Upon the Consumer” 
ALLAN P. Stern, Case School of Applied Science. Subject: 
“The Influence of the Introduction of Labor Saving Ma- 
chinery Upon Employment in the United States” 

Epwarp W. CoNNOoLLy, University of Detroit. Subject: 
“Economic Limitations in Engineering Design, With Con- 
crete Examples” 

JAMES R. Bricut, Lehigh University. Subject: “The Eco- 
nomics of Investment in New Manufacturing Equipment 
With Concrete Cases” 

FRANK De Pov tp, Case School of Applied Science. Subject: 
“What Has Been the Effect of Technological Advance on 
Employment?” 

Joun J. BALUN, University of Detroit. Subject: “The Need 
and Possibilities of Participation by Engineers in Public 
Affairs” 

BERNARD J. ISABELLA, Case School of Applied Science. Sub- 
ject: “The Engineer and Preparation for the 
Peace” 

MITCHELL C. KAZEN, University of Detroit. Subject: 
ernment as Affected by Engineering” 

Frep M. PraskowskI, University of Detroit, “A Case Study 
of Labor-Management Co-operation” 

JACK DRANDELL, Southern Methodist University, “Enginecr- 
ing in the New South” 


Coming 


STruDENT AWARD 
Boynton M. Green, Stanford University, “Bearing Lubri- 
cation” 
Howarp E. Stevens, Rensselaer Polytechnic Institute, “An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 
M. ApAm, Louisiana State University, “The Adaptability 
of the Internal-Combustion Engine to Sugar Factories and 
Estates” 
H. R. HAMMonND and C. W. The Pennsylvania 
State College, “Study of Surface Resistance With Glass as 
the Transmission Medium” 
C. F. Len and F. G. Hampton, Stanford University, “An 
<xperimental Investigation of Steel Belting” 
W. E. Hevtmick, Stanford University, “An Experimental 
Investigation of Steel Belting” 
Howarp G. ALLEN, Cornell University, “Wire Stitching 
Through Paper” 
Kari H. Wuite, University of Kansas, “Forces in Rotary 
Motors” 
Ricuarp H. Morris and Atsert J. R. Houston, University 
of California, “A Report Upon an Investigation of the 
Herschel Type of Improved Weir” 
Cares F. OLMsTEAD, University of Minnesota, “Oil Burn- 
ing for Domestic Heating” 
H. E. Doouitr.e, University of California, “The Integrating 
Gate: A. Device for Gaging in Open Channels” 
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YEORGE STUART CLARK, Stanford University, “Two Methods 
Used for the Determination of the Gasoline Content of 
Absorption Oils in Absorption Plants” 

L. J. FRANKLIN and CHARLES H. Smitru, Stanford Univer- 
sity, “The Effect of Inaceuracy of Spacing on the Strength 
of Gear Teeth” 

Tlarry PEASE Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Re- 
sistance of a Barge Model” 

W. S. Montocomery, Jr., and FE. Ray Enpers, Jr., The 
Pennsylvania State College, “Some Attempts to Measure the 
Drawing Properties of Metals” 

R. E. Peterson, University of Illinois, “An Investigation of 
Stress Concentration by Means of Plaster of Paris Speci- 
mens” 

Ceci, G. Hearp, University of Toronto, “Pressure Dis- 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips— 
Model Tests” 

Autrrep H. MARSHALL, Princeton University, “Evaporative 
Cooling” 

Roger Irwin Epsy, University of Washington, “Measure- 
ment of the Angular Displacement of Flywheels” 

CLARENCE C. FRANCK, Johns Hopkins University, “Condi- 
tion Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON BistromM, University of Washington, “An 
Investigation of a Rotary Pump” 

WILLIAM WALLACE Wuite, University of Washington, 
Investigation of a Rotary Pump” 

GERARD EDEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” 

Harotp L. ADAMS and Ricuarp L. Stiru, University of 
Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

JULES PopNnossorF, Polytechnic Institute of Brooklyn, “Pres- 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, “Factors Affect- 
ing Spray Pond Design” (Undergraduate Award) 
WittrAM A. Mason, Stanford University, “An Experi- 
mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 

V. Corptano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Al- 
loys” (Undergraduate Award) 

JAMES A. OsTRAND, JR., Princeton University, “Sudden En- 
largement in the Open Channel” (Postgraduate Award) 
H. ReyNnotps Hupson, Georgia School of Technology, “Dy- 
namic Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 
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Cuartes P. Bacwa, Rutgers University, “The Behavior 
of Metals Subjected to Combined Stress” (Postgraduate 
Award) 

Rosert W. Bear, Oregon State College, “Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Stinson, Oklahoma Agricultural and Mechanical 
College, “Polymerized Motor Fuels; Their Economie Sig- 
nificance” (Undergraduate Award) 

DeWirt D. Bartow, Jr., Princeton University, “The Criti- 
cal Speeds of Lateral Vibrations of Shafts With Gyroscopic 
Effects” (Postgraduate Award) 

Gino J. MARINELLI, Rensselaer Polytechnic Institute, “In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull” (Undergraduate Award) 

MarsHatt C. Lone, Princeton University, “An 
tion Into the Angular Characteristics of an 
Blade Current Meter” (Postgraduate Award) 
DonaLtp C. McSoriey, Michigan State College, “Humidity 
Insulation” (Undergraduate Award) 

Davin T. JAMES, Michigan State College, “Bells—Concern- 
ing Their Tones” (Undergraduate Award) 

Georce W. SHEPHERD, JR., Princeton University, “An Auto- 
matic Mechanical Control for Synchronizing Prime Movers” 
(Postgraduate Award) 

Epwarp D. Rowan, Oregon State College, “Powder Metal- 
lurgy” (Undergraduate Award) 

G. WALKER GitmeRr, III, University of Florida, “Center of 
Pressure Characteristics of a Marconi Yacht Sail” (Under- 
graduate Award) 

ArtHuur W. McCrure, Princeton University, “A Specific 
Speed Analysis of Turbosuperchargers tor Aircraft” (Post- 
graduate Award) 

J. Packarp Latrp, Princeton University, “An Analysis of 
Motoreycle Behavior” (Undergraduate Award) 

WittiAm L. Hutton, Princeton University, “The Aero- 
dynamic Development of the Star Sail” (Undergraduate 
Award) 

NELSoN B. HAMMOND, University of Pennsylvania, “An 
Investigation of Silver Solder Penetration in Brass Joints” 
(Undergraduate Award) 

Joun W. Erickson, Illinois Institute of Technology, “In- 
creasing the Efficiency of Gas Turbine Cycles” (Under- 
graduate Award) 


Investiga- 
Adjustable 


FREEMAN TRAVEL SCHOLARSHIP 


Herpert N. EATON 1933) 
BLAKE R. Van LEER 1934 fH. J. Casey 


1935 
1936 


Rosert T. KNAPP 
REGINALD WHITAKER 
G. Ross Lorp 


Victor L. STREETER 


HONORARY MEMBERS 


HONORARY MEMBERS IN 


ELECTED DIED ELECTED DIED 
PERPETUITY Joun ALFRED BRASHEAR..... 1908 1920 ReaR ApMIRAL ROBERT STAN- 
CEUBPAVE 1900 1908 ISLAW 1920 1933 
ALEXANDER LYMAN Howey, Founder of the ANnpreW CARNEGIE .......-. 1907 1919 Orro HALLAUER ............ 1882 1883 
Society. Died 1882. DANIEL KINNEAR CLARK.... 1882 1896 CHARLES Haynes HASWELL... 1905 1907 
Joun Epson Sweet, Founder of the Se-  Rupoten Jutrus EMMANUEL NATHANAEL GREENE HERRES- 
ciety. Died 1916. 1882 1888 1921 1938 
Henry Rossirer Wortuineron, Founder of I. CONE........ 1936 1941 FRIEDRICH Gustav HERRMANN 1884 1907 
the Society. Died 1880. Sir Jonun Coope............ 1889 1892 Gustav Apotpn Hiren....... 1882 1890 
MortTiMER Etwyn Coorey... 1928 1944 JosepH HirmscH ............ 1889 1901 
DECEASED HONORARY MEMBERS Preren COOPER 1882 $680. 1928 1930 
CHARLES DE FREMINVILLE.... 1919 1936 Rosert Wootston Hunt.... 1920 1923 
ELECTED DIED CARL GusTAF PATRICK DE BENJAMIN FRANKLIN ISHER- 
LEON PRATT ALFORD 1941 1942 LAVAL 1912 1913 WOOD ..... 1894 1915 
Horatio ALLEN ..........-. 1880 1889 DIESEL ........... 1912 1913 ALBerT ......... 1940 1943 
LORENZO ALLIEVI ........... 1937 1941 1936 1942 Henrt LEAUTE 1891 1916 
Sik WILLIAM ARROL......... 1905 1913 JAMES DREDGE ............. 1886 1906 Erasmus Darwin Leavitr.. 1915 1916 
Sik JoHN AUDLEY FREDERICK Victor DwetsHavuvers-Dery. 1886 1913 Henrt Le 1927 1936 
ASPINALL 1911 1937 THOMAS ALVA EDISON 1904 1931 CHARLES THOMAS MAIN 1939 1943 
WALLACE ALEXANDRE GusTAVE EIFFEL. 1889 1923 ANATOLE MALLET ........... 1912-1919 
ATTERBURY 1925 1935 Ferpinanp Focn.. 1921 1929 CHARLES H. MANNING....... 1913 1919 
Sir BENJAMIN BAKER....... 1886 1907. Sire Cartes Doveras Fox.. 1900 1921 ReAR ADMIRAL GeorGE WAL- 
EpMuND Bruce BALL........ 1939 1944 Riprey FREEMAN...... 1932 1992, LACE ........... 
JONANN BAUSCHINGER ...... 1884 1893 JoHN Frivz................ 1900 1913 GEORGE A. ORROK........... 19361044 
Str HENrY BESSEMER....... 1891 1898 Mason GENERAL GEORGE THE HonoraBle Sir Cartes 
Str Freperick JoserH Bram- WASHINGTON GOETHALS ... 1917 1928 
1884 1903. FRANZ GRASHOF ............ 1884 1893 (Continued) 
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ELECTED DIED ELECTED 
(Continued) FRANCIS A. WALKER........ 1886 1897 HERBERT CLARK Hoover........... 1925 
Worcester REED WARNER... 1925 1929 CLARENCE Decatur Howe.......... 1941 
ELECTED DIED GEORGE WESTINGHOUSE ..... 1897 1914. JEROME C. HUNSAKER............. 1942 
CHARLES TALBOT PoRTER..... 1890 1910) Sir Henry WHITE. 1900 1913 DuGaLp CALEB JACKSON........... 1945 

EDWIN JAY PRINDLE........ 1939 1942. Sir ALFRED FERNANDEZ YAr- Davin SCHENCK JACOBUS.......... 1934 
AucustTE C. E. RaTEav...... 1919 1930 1914 1082 1929 
Epwarp J. REeEbD........ 1882 1906 DeEXTER SIMPSON KIMBALL......... 1939 
1882 1905 Vice-ADMIRAL Emory 8S. LAND..... 1944 
Catvin Wunsor Rice........ 1931 1934 LIVING HONORARY MEMBER LigUTENANT GENERAL ANpbreEW G. L. 
PatMER C. RICKETTS........ 1931 1934 ELECTED 1943 
HENRI ADOLPHE-EUGENE LAMONT ABBOTT......... 1940 Sir (Sranpen) Leonarp Pearce.... 1944 
SCHNEIDER 1882-1898 Cartes M. 1944 GRANDE UFFICIALE ING. P1o PERRONE 1920 
Crartes M. Scuwas........ 1918 1939s Ropert W. ANGUS................ 1940 ANDREY ABRAHAM PorTer......... 1945 
JAMES A. Sry MOUR......... 1940 1943 WILLIAM L BATT. 1942 ILTARRY R. RIcarpo 1942 

FRANCIS BLOSSOM 1943 Vice-ADMIRAL SAMUEL MURRAY 
Viscount Er-rcu1 SHinusawa 1929 1931 d RoBINSON 1941 
AUREL STODOLA ....... 1941 1942 REAR ADMIRAL HAROLD GARDINER 

AMBROSE SWASEY .......... 1916 1937 

ELInu THOMSON ........... 1930 1937 RALPH BUDD 1943 Mason General WILLIAM H. 

Henry Rosrnson Towne.... 1921 1924 LIEUTENANT GENERAL Levin H. 1938 
HENRI TRESCA ............. 1882 1885 | 1944 Rigut Lorp WEIR...... 1920 
Epwarp N. Trump.......... 1943 1944 H. 1942 Mayor GeNeERAL CHARLES Macon 
SAMUEL MATTHEWS VAUCLAIN 1920 1940 WHLLIAM FREDERICK DURAND...... 1934 1945 
Henry Hacue VAuGHan.... 1939 1949 1942 WRIGHT 1918 
OSKAR VON MILLER.......... 1912 1934 ArTHUR M. GREENE, JR............ 1940 1943 

Dates in parentheses denote year of death. 

ALEXANDER LyMAN HO tey, Chairman of the Preliminary Meeting 1912 ALEXANDER CroMBIE HuMpHREYS (1927) 
for Organization of The American Society of Mechanical Engineers 1913 WILLIAM FREEMAN Myrick Goss (1928) 

(1882) 1914 JAMES HaArRTNEsS (1934) 

1880-1882 Ropert Henry Tuvrsron (1903) 1915 ALFRED Brasuear (1920) 

‘ 1916 Davin Scuenck JAcopus 
1883 ERASMUS Darwin Leavitt (1916) 1917 Tea Newson (1930) 
1884 JoHN Epson Sweet (1916) 
1885 JOSEPHUS FLavius HoLtoway (1896) 1919 M 
MorTIMER ELWyn Cooiey (1944) 
1886 CoLEMAN SELLERS (1907) 1920 
i. aes 92 RED J. MILLER (1939) 
1887 Georce H. Bascock (1893) 1921 8. C 
3 92 SDWIN S. CARMAN 
1888 Horace See (1909) 99 
1889 Henry Ropinson Towne (1924) 1993 9 
92: JoHN Lyte Harrineton (1942) 
1890 OBERLIN SMITH (1926) 09 
cay 1924 FREDERICK ROLLINS Low (1936) 
1891 Ropert Wootston Hunt (1923) 1925 W 
92: ILLIAM FREDERICK DURAND 
1892 Cuar_Les Harpine Lorrne (1907) ann 
1893-1894 EckLey Brinton Coxe (1895) 
1895 Epwarp F. C. Davis (1895) 1928 A s 9 
1895 CHARLES ETHAN BILLINGS (1920) 1929 
925 “LMER AMBROSE Sperry (1930) 
1896 JOHN Fritz (1913) 1930 ae 
93 HARLES Prez (1933) 
1897 WorcesTER REED WARNER (1929) 1931 senate 
93 oy V. WriGut 
1898 CHARLES WALLACE Hunt (1911) 1932 Conrap N. Laver (1943) 
1899 GeorGeE WALLACE MELVILLE (1912) 1933 AA Por: 
1900 CHARLES HILt (1911) 1934 Dory (1938) 
1901 SAMUEL T. WELLMAN (1919) 1935 Ratpn FLANDERS 
1902 Epwin Reynoips (1909) 1936 L. Barr 
1903 JAMES Mapes Donce (1915) 1937 James H. Herron 
1904 AMBROSE SWASEY (1937) 1938 Harvey N. Davis 
1905 JOHN RIPLEY FREEMAN (1932) 1939 ALEXANDER G. CHRISTIE 
1906 FREDERICK WINSLOW TAYLOR (1915) 1940 Warren H. McBrype 
1907 FREDERICK REMSEN Hutton (1918) 1941 WILLIAM A. HANLEY 
1908 Mrnarp LAFEVER HotMAN (1925) 1942 JAMES W. PARKER * 
1909 JessE Merrick (1927) 1943 Haroip V. 
1910 GrorGE WESTINGHOUSE (1914) 1944 Rosert M. Gates 
1911 EpwarD DANIEL MEIER (1914) 1945 ALEX D. BAILEy 
Apr. 1880—Dec. 1881 Lycureus B. Moore * Organization Meeting, 1880 SaMve. S. Wesser, Jr. (1921) 
Dec. 1881—Nov. 1884 CHARLES W. CopELAND (1895) Acting Secretary, Apr.-Nov. 1880 Lycuraus B. Moore * 


1884—1925 H. WItey (1925) 
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1935—1944 WILLIAM D. ENNIS 
1944—date K. W. JAPPE 


Nov. 1880—Mar. 1883 
1883—1906 
1906—1934 
1934—date 


THos. WHITESIDE RAE (1895) 
FrepericK R. Hutton (1918) 
CaLvin W. Rice (1934) 
CLARENCE E. Davies 


* Deceased. Year not known. 
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Cleveland Engineering Society 
Fenn College 

Public Library 


Columbus....... The Ohio State Library 
Ohio State University 
Public Library 
Dayton..........Engineers Club of Dayton 
Public Library 
University of Toledo 
Youngstown. .... Public Library 
Oklahoma 
Norman........ Oklahoma University 
Oklahoma City... Public Library 
Stillwater........Oklahoma A.&M. College 
Public Library 
Oregon 
Corvallis.........Oregon State College 
Portland.........Portland Library Association 
Pennsylvania 
Allentown........ Free Library 
Bethlehem....... Lehigh University 
Lafayette College 
Public Library 
Public Library 
Lewisburg....... Bucknell University 
Philadelphia. ..... Drexel Institute 
Engineers Club 
Franklin Institute 
The Free Library 
University of Pennsylvania 
Pittsburgh....... Carnegie Free Library of Allegheny 
Carnegie Institute of Technology 
Carnegie Library (Schenley Park) 
Engineers’ Society of Western Pennsylvania 
University of Pittsburgh 
Public Library 
« Scranton......... Public Library 


State College..... 
Swarthmore...... 
Villanova........ 
Wilkes-Barre..... 


Puerto Rico 


Mayaguez........ 


Rhode Island 


Providence....... 


South Carolina 


Clemson College.. 


South Dakota 


Brookings........ 


Tennessee 


Texas 


Utah 


Kingsport........ 
Knoxville........ 
Memphis......... 
Nashville........ 


College Station... 


Salt Lake City... 


Virginia 


Blacksburg....... 
Charlottesville. . . 


Pennsylvania State College 
Swarthmore College 
Villanova College 

Public Library 


University of Puerto Rico 


Rhode Island State College 
Brown University 

Providence Engineering Society 
Public Library 


Library, Clemson College 


South Dakota State College 


Public Library 
University of Tennessee 
Goodwin Institute 
Vanderbilt University 


University of Texas 

Texas Agricultural & Mechanical College 
Public Library 

Southern Methodist University 

Public Library 

Carnegie Public Library 

Public Library 

Rice Institute 

Texas Technological College 

Carnegie Library 


University of Utah 
Public Library 


University of Vermont 


Virginia Polytechnic Institute 
University of Virginia 


at 
Nevada 
Reno............_ 
= 
Elizabeth........ 
: Hoboken......... 
ihe Princeton........ 
Potsdam......... 
; 
El Paso.......... 
Fargo........... Houston......... 
Grand Forks..... 
San Antonio...... 
Cincinnati....... 
Vermont 
Burlington....... 
Cleveland........ 
4 
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Virginia Military Institute 


Virginia State Library 


State College of Washington 
Engineers Club 


University of Washington 


West Virginia 


Morgantown..... West Virginia University 
Wisconsin 

Madison......... Library, University of Wisconsin 

Milwaukee....... Marquette University 


Public Library 
Vocational School Library 
Wyoming 
Laramie......... Wyoming University 


: 
i 
Lexington........ 
- 
Norfolk..........Publie Library 
Richmond........ 
Washington 
Public Library 
Spokane......... Public Library ee 
Tacoma..........Publie Library 
| 
: 
: 
at 
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A.S.M.E. Transactions in Central and South America and 
Great Britain 


Argentina 


Buenos Aires.... 


Australia 


Rio de Janeiro. . 


Sfio Paulo...... 


Canada 


Kingston....... 
Montreal...... 


Chile 


Cuba 


England 


Birmingham... 


London....... 


Biblioteca de la Sociedad Cientifica 


Public Library of Adelaide 

Public Library of Victoria 

University of Western Australia Library 
Public Library of Sydney 


. Bibliotheca da Escola Polytechnica 


Bibliotheca Nacional 
Bibliotheca da Escola Polytechnica 


Queen's College 

Ecolé Polytechnique 
Engineering Institute of Canada 
McGill University 

University of Toronto, Library 
University of British Columbia 


Universidad de Chile, Facultad de Ciencias 
Fisicas y Matematicas (Engg. School) 


Cuban Society of Engineers 


Birmingham Public Libraries 
University of Bristol 
University of Cambridge 
University of Leeds 

Liverpool Engineering Society 
Public Library of Liverpool 


..City and Guild Engineering College 


Institution of Automobile Engineers 


London 
(Continued) 


India 


Bangalore...... 


Rangoon........ 


Ireland 


Mexico 


Mexico City... 


Scotland 


Glasgow...... 


South Africa 


Cape Town.... 
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The British Coal Utilization Research As- 
sociation 

The Institution of Mechanical Engineers 
Institution of Civil Engineers 

Institution of Electrical Engineers 

The Junior Institution of Engineers 

The Royal Aeronautical Society 
Manchester Public Libraries (Reference 
Library) 

Oxford University 


The North-East Coast Institution of Engi- 


neers and Shipbuilders 
Sheffield Public Libraries 


Mysore Engineers Association 


.. Bengal Engineering College 


Poona College of Engineering 


. University of Rangoon 


Queen's University of Belfast 


Asociacion de Ingenieros y Arquitectos de 
Mexico 

Library of the Escuela de Ingenieros Me- 
canicos y Electricistas 


Royal Technical College 
Mitchell Library 


.. University of Cape Town 
..South African Institute of Engineers 


Cardiff Public Library 


: 
Adelaide......... 
Melbourne....... 
Manchester...... 
Sh 
Calcutta... 
Toronto......... 
Vancouver....... 
Cambridge....... 
iverpool........ 
P Johannesburg. . 
Wales 
Cardiff......... 
VAS 
q 
™ 
a 
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Indexes to A.S.M.E. Papers and 


Publications 


HIS and the following pages will serve as a guide to the cur- 
rent publications of the A.S.M.E. 


Regular Society Publications, 1946 


Mechanical Engineering, monthly (see index on page RI-55) 

A.S.M.E. Transactions, monthly including the Journal of A pplied 
Mechanics (see index on page RI-68) 

A.S.M.E. Mechanical Catalog and Directory, 1947 edition. 


Publications Issued in 1946 


Metal Cutting Data (monthly publication) 
Sources of Information on Instruments 
1944 Oil-Engine Power Cost Report 
American Standards 
Drawings and Drafting-Room Practice 
Inspection and Tolerance of Gears 
Involute Splines 
Tool Life Tests 
Boiler Construction Code 
1946 Addenda to: 
Locomotive Boiler Code 
Low-Pressure Heating Boiler Code 
Miniature Boiler Code 
Power Boiler Code 
Unfired Pressure Vessel Code 
Specifications for Materials 
Welding Qualifications 
Power Test Codes 


Stationary Steam Generating Units 


How to Find Papers Presented at 
1946 A.S.M.E. Meetings 


HE technical programs of the meetings of the Society and of 

its Professional Divisions have been published in Mechanical 
Engineering and may be located by consulting the index on pages 
RI-55-RI-67. A majority of these papers were published, or will 
be published, in Mechanical Engineering or the Transactions (in- 
cluding the Journal of Applied Mechanics) and may be located by 
reference to the indexes of these publications. 


Publications Developed by the 
Technical Committees 


HE Society’s technical committees, the first of which was 

organized many years ago and all of which have been con- 
tinuously at work on codes, standards, research, and other special 
reports, have developed a series of publications of permanent 
value to the membership. The following list is presented here 
for record and for ready reference. This list covers the entire 
group of publications of these committees completed and pub- 
lished. 


To assist members in securing copies of these publications the 


sale price is also given. A discount of 20 per cent is allowed to 
A.S.M.E. members on all publications except where otherwise 
noted. 


AS.M.E. AMERICAN STANDARDS 


Bout, Nut, anp Rivet Proportions 


Large Rivets (B18.4—1937), $0.80 

Plow Bolts (B1I8f—1928), $0.45 

Round Unslotted-Head Bolts (B18.5—1939), $0.60 

Slotted-Head Proportions; Machine Screws, Cap Screws, and Wood 
Screws (B18ce—1930), $0.55 

Small Rivets (B18a—1927 with 1942 Addendum), $0.40 

Tinners’, Coopers’, and Belt Rivets (BISg—1928, with 1942 Adden- 
dum), $0.45 

Track Bolts and Nuts (B1Sd— 1930), $0.50 

Wrench-Head Bolts and Nuts and Wrench Openings (B18.2—1941), 
$0.80 


PipING AND Pipe 


Air Gaps and Backflow Preventers in Plumbing Systems (A40.4— 
1942 and A40.6—1943), $0.55 
Brass Fittings for Flared Copper Tubes (A40.2—1936), $0.45 
‘ast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1931), $0.50 
‘ast-Iron Pipe Flanges and Flanged Fittings Class 125 (B1l6a—1939), 
$0.60 
‘ast-Iron Pipe Flanges and Flanged Fittings Class 250 (B16b—1944), 
$0.55. 
‘ast-Iron Pipe Flanges and Flanged Fittings for S00 Lb Maximum 
Hydraulic Pressure (B16b1—1931), $0.45. 
‘ast-Iron Soil Pipe and Fittings (A40.1—1935), $0.80 
‘ast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 
Saturated Steam Pressure (B16g—1929) and Addendum (B1l6g1— 
1937), $0.60 
‘ast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1941), $0.50 
‘ast-Iron Screwed Drainage Fittings (B16.12—1942), $0.55 
‘ode for Pressure Piping (B31.1—1942), $2.50 
Face-to-Face Dimensions of Ferrous Flanged and Welding End Valves 
(B16.10—1939), $0.65 
Ferrous Plugs, Bushings, Lock Nuts, and Caps (B16.14—1943), $0.50 
Malleable-I[ron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16c—1939), $0.60 
Pipe Threads (B2.1—1945), $1.50 
Scheme for the Identification of Piping Systems (A13—1928), $0.60 
Steel Pipe Flanges and Flanged Fittings for 150 to 2500 Lb Maximum 
Steam Service Pressure (B1l6e—1939), $1.50 
Soldered-Joint Fittings (A40.3—1941), $0.55 
Steel Butt-Welding Fittings (B16.9—1940), $0.50 
Threaded Cast-Iron Pipe for Drainage, Vent, and Waste Services 
(A40.5—1943), $0.30 
Wrought-Iron and Wrought-Steel Pipe (B36.10—1939), $0.60 
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LETTER AND GRAPHICAL SYMBOLS AND CHARTS 


Abbreviations for Scientific and Engineering Terms (Z10.1—1941), 
$0.45 

Drawings and Drafting-Room Practice (Z14.1—1946), $1.50 

Engineering and Scientific Charts for Lantern Slides (Z15.1—1932), 
$0.60 

Engineering and Scientific Graphs for Publications (Z15.3—1943), 
$0.90 

Graphical Symbols for Use on Drawings in Mechanical Engineering 
(Z32.2—1941), $0.60 

Letter Symbols for Gear Engineering (B6.5—1943), $0.30 

Letter Symbols for Hydraulies (Z10.2—1942), $0.45 

Letter Symbols for Mechanics of Solid Bodies (Z10.3—1942), $0.30 

Letter Symbols for Heat and Thermodynamics (Z10c—1943), $0.65 

Time Series Charts (Z15.2—1938), $1.50 


RI-51 


: 
: 
. 
Reet 
= 
4 
4 
4 
a 
§ 


RI-52 


AMERICAN STANDARDS—— MISCELLANY 


Fire-Hose Coupling Screw Threads (B26—1925), $0.30 

Hose Coupling Screw Threads (B33.1—1935), $0.30 

Indicating Pressure and Vacuum Gages (B40—1939), $0.50 

Preferred Thickness for Uncoated Thin Flat Metals (B32.1—1941), 
$0.30 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1931, Reaffirmed in 1946), $0.45 

Gear Tolerances and Inspection (B6—1946), $0.80 

Preferred Standards for Large 3600-Rpm 3-Phase 60-Cycle Condens- 
ing Steam Turbine-Generators (published 1945), $0.30 

Shaft Couplings (B49—1932), $0.45 

Spring Lock Washers (B27.1—1944), $0.35 

Spur Gear Tooth Form (B6.1—1932) $0.55 


Toots AND MAcHINE Too. ELEMENTS 


Machine Tapers (B5.10—1943), $0.75 

Milling Cutters (B5c—1930), $0.90 

Reamers (B5.14—1941), $0.90 

Taps—Cut and Ground Threads (B5.4—1939), $1.50 

Terminology and Definitions for Single-Point Cutting Tools (B5.13— 
1939), $0.50 

Adjustable Adapters (B5.11—1937), $0.60 

Chucks and Chuck Jaws (B5.8—1936), $0.55 

Circular and Dovetailed Forming Tool Blanks and Holding Elements 
(B5.7—1943), $0.60 

Shafting and Stock Keys (B17.1—1943), $0.55 

Markings for Grinding Wheels (B5.17—1943), $0.30 

Involute Splines, Side Bearings (B5.15—1946), $0.80 

Jig Bushings (B5.6—1941), $0.45 

Spindie Noses and Arbors (B5.18—1943), $0.30 

Rotating Air Cylinders and Adapters (B5.5—1932), $0.45 

Tool Shanks and Tool Posts (B5.2—1943), $0.45 

Tool Life Tests (B5—1946), $0.55 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1941), $0.45 

Twist Drills (B5.12—1940), $0.65 

Code for Design of Transmission Shafting (B17c—1927), $0.90 

Screw Threads for Bolts, Nuts, Machine Screws, and Threaded Parts 
(B1.1—1935), $0.75 

Screw Threads for High-Strength Bolting (B1.4—1945), $0.30 

Screw Thread Gages and Gaging (B1.2—1941), $0.75 

Acme and Other Translating Threads (B1.3—1941), $0.55 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.60 

Woodruff Keys, Keyslots, and Cutters (B17f—1930), $0.45 


BOILER CONSTRUCTION CODE 


1946 Editions: 
Boilers of Locomotives, $1.00 
Low-Pressure Heating Boiler Code, $1.00 
Miniature Boiler Code, $0.75 
Power Boiler Code, $2.75 
Specifications for Materials, $3.50 
Suggested Rules for Power Boilers, $1.25 
Unfired Pressure Vessel Code, $2.00 
Welding Qualifications, $0.90 
Boiler Code Interpretation Service, $5.00 annually 
API-ASME Code for Unfired Pressure Vessels 
1943 Edition, with 1944 Supplement, $2.00 


POWER TEST CODES AND AUXILIARY SECTIONS 


Test CopEs FoR 


Atmospheric Water-Cooling Equipment (1930), $0.55 

Coal Pulverizers (1944), $0.85 

Displacement Compressors, Vacuum Pumps, and Blowers (1939), 
$0.90 


Dust Separating Apparatus (1941), $0.90 

Evaporating Apparatus (1941), $0.60 

Feedwater Heaters (1927), $0.45 

Fans (1945), $1.00 

Gaseous Fuels (1944), $0.90 

Gas Producers (1928), $0.65 

Hydraulic Prime Movers (1938 with 1942 Addenda), $0.75 
Reciprocating Steam-Driven Displacement Pumps (1927), $0.80 
Reciprocating Steam Engines (1935), $0.80 

Refrigerating Systems (1927), $0.65 

Steam Condensing Apparatus (1938), $0.80 

Steam Locomotives (1941), $0.65 

Stationary Steam Generating Units (1946), $0.75 


TRANSACTIONS OF THE A.S.M.E. 


INSTRUMENTS AND APPARATUS 


General Instructions (1945), $0.55 
Definitions and Values (1945), $0.80 
Part 1—General Considerations (1935), $0.45 
Part 2—Pressure Measurement 
Chapter 1, Barometers; Chapter 6, Tables, Multipliers, and 
Standards (1941), $0.75 
Chapter 2, Static and Total Pressure, Static Holes and 
Tubes, and Impact Tubes, $0.75 
Chapter 3, Static Pressure Hole, Static Tube, or Impact 
Tube (1945), $0.75 
Chapter 4, Bourdon, Bellows, Diaphragm, and Deadweight 
Gages (1938), $0.75 
Chapter 5, Liquid Column Gages (1942), $0.75 
Part 3—Temperature Measurement 
Chapter 1, General; Chapter 5, Pyrometric Cones; Chapter 
6, Liquid-in-Glass Thermometers; and Chapter 7, Bour- 
don-Tube Thermometers (1931), $0.75 
Chapter 2, Radiation Pyrometers (1936), $0.65 
Chapter 3, Thermocouple Thermometers or Pyrometers 
(1940), $0.75 
Chapter 4, Resistance Thermometers (1945), $0.80 
Chapter 8, Optical Pyrometers (1940), $0.45 
Part 4—-Head Measuring Apparatus (1933), $0.45 
Part 5—-Chapter 4, Flow Measurement by Means of Standardized 
Nozzles and Orifice Plates (1940), $2.75 
Part 6—Electrical Measurements (1934),-$1.25 
Part 8—Measurement of Indicated Horsepower (1941), $0.75 
Part 9—Heat of Combustion (1943), $0.50 
Part 11-——Determination of Quality of Steam (1940), $0.55 
Part 12—Measurement of Time (1942), $0.50 
Part 13—Speed Measurements (1939), $0.55 
Part 14—Linear Measurements (1936), $0.65 
Part 15—Measurement of Surface Areas (1944), $0.75 
Part 16—Density Determinations (1931), $0.40 
Part 17—Determination of the Viscosity of Liquids (1931), $0.75 
Part 18—Humidity Determinations (1932), $0.60 
Part 20—Smoke-Density Determinations (1945), $0.75 
Part 21—Leakage Measurements (1942), $0.75 


RESEARCH 


Fluid Meters: 
Part 1—Theory and Application (1937), $3.25 
Part 3—Selection and Installation (1933), $1.75 

Report of the A.G.A.-A.S.M.E. Committee on Orifice Coefficients. 
(1935), $2.75 

Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells 
(1932), $0.85 

Tests on Steam Equipment for Drilling Rotary Drilled Oil Wells 
(1933), $0.85 

Bibliography on Aircraft Plywood (1944), $1.00 

Bibliography on Marketing Research (1935), $1.00 

Bibliography on the Cutting of Metals (published 1945), $6.50 

Riveted Joints—A Critical Review of the Literature Covering Their 
Development, with Bibliography and Abstracts of the Most 
Important Articles (Published 1945), $4.50 

Sources of Information on Instruments (published 1945), $0.75 


SAFETY CODES 


Safety Code for Cranes, Derricks, and Hoists (B30.2—1943), $1.80 

Safety Code for Elevators (A17.1—1937 with 1942 Supplement), 
$1.50 

Elevator Inspectors’ Manual (A17.2—1945), $1.50 

Safety Code for Jacks (B30.1—1943), $0.40 

Safety Code for Mechanical Power-Transmission Apparatus (B15— 
1927, Reaffirmed in 1935 without change), $0.45 

Compressed-Air Machinery and Equipment (B19—1938), $0.40 

Description and Schematic Layouts of Various Types of Undercar 
Safeties and Governors (published 1945), $0.40 

Handling and Socketing of Wire Rope (published 1945), $0.25 


Biographies 


IOGRAPHIES issued under the sponsorship of the A.S.M.E. 
Biography Committee are as follows: 
Autobiography of an Engineer, by W. LeR. Emmet (1940), $3.50 
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SOCIETY 


Autobiography of John Fritz (1940), $3.25 
Biography of Fred J. Miller (1941), $1.25 
Life of Henry Laurence Gantt, by L. P. Alford (1934), $5.00 


Books and Pamphlets on Special 
Subjects 


Automatic Control Terms (1946) (no discount allowed), $0.25 

Automotive-Diesel Engine Cost and Performance Data (1943), 
$0.25 

Corrosion-Resistant Metals (1936), $1.25 

Creative Engineering (1944), $0.75 

Creative Thinking (1946) (no discount allowed), $0.25 

Unwritten Laws of Engineering (1944) (no discount allowed), $0.25 

Design Data on Strength of Materials, Book 1 (1944), $1.50 

Design Data on Mechanics (1944), $1.50 

Engineering's Part in the Development of Civilization (1939), $1.50 

Flow of Water in Pipes and Pipe Fittings (1941), $8.00 

Furnace-Performance Factors (1944), $1.00 

General Discussion on Lubrication (1938) (no discount allowed) , $6.50 


RECORDS 


RI-53 


Graphitization of Steel Piping (1943-1944 and 1945), $2.50 
Hydraulic Structures (1937), $18.00 

I.S.A. Tolerance System (1942), $2.50 

Manual on Cutting of Metals (1939), $5.00 

Manual of Consulting Practice (1939), $0.40 

Oil Engine Power Cost Report (1944), $1.25 

Reflections on the Motive Power of Heat (1943), $2.75 
Theoretical Steam Rate Tables (1937), $1.25 


Regular Society Periodicals 


Mechanical Engineering*—Annual subscription rate in United States 
$6.00; to Canada $6.75; elsewhere, $7.50 

A.S.M.E. Transactions,* including Journal of Applied Mechanics, 
Annual subscription rate in United States, $12.00, elsewhere, $12.75 

1946 A.S.M.E. Mechanical Catalog and Directory, $3.00 (sent gratis 
to members upon request) 

Metal Cutting Data: Annual subscription rate in the United States 
$15.00; to Canada $15.75; elsewhere $16.50. 


*Subscription price included in A.S.M.E. membership dues. 
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Index photographed at the 
beginning for the convenience 


of the microfilm user. 
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